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ABSTRACT
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University of Guelph, 2018

Dr. Yoshinori Mine

The purpose of this study was to identify the anti-inflammatory activity and
mechanism of isomaltodextrin in a C57BL/6NCrl mouse model with lipopolysaccharideinduced systemic low-grade chronic inflammation and the effect on inflammationinduced metabolic disorders. Lipopolysaccharide induces inflammation by stimulating
the expression of proinflammatory mediators. Low-grade chronic inflammation is
associated with insulin resistance and other metabolic disorders.
Treatment with isomaltodextrin led to reduced plasma concentrations of
proinflammatory mediators TNF-α and MCP-1, and increased concentrations of
adiponectin, an anti-inflammatory adipokine. Isomaltodextrin administration reduced
plasma concentrations of endotoxin, decreased macrophage infiltration into adipocytes,
and increased expression of mucin 2, mucin 4, and the tight junction protein claudin 4.
These results suggest that isomaltodextrin administration exerted an antiinflammatory effect on mice with lipopolysaccharide-induced inflammation, potentially by
decreasing circulating endotoxin, suppressing proinflammatory mediators and
macrophage infiltration, or by improving mucus or tight junction integrity. Isomaltodextrin
had no impact on insulin resistance or obesity with a normal diet model.
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1 Literature review
1.1 Gut health
The human “gut,” or gastrointestinal (GI) tract, commonly refers to the continuous
tube of digestive organs originating at the mouth and terminating at the anus. It can be
divided into two segments: the upper GI tract, which consists of the esophagus,
stomach, and duodenum, and the lower GI tract, made up of the remainder of the small
intestine, along with the large intestine (U.S. National Library of Medicine, 2018). The GI
tract provides a selectively permeable barrier that performs two major functions. First,
the breakdown and absorption of nutrients from food occur throughout the length of the
GI tract (Tortora & Derrickson, 2008). Second, it prevents the movement of harmful
material, including antigens, pathogens, and toxins, from the lumen into the intestinal
tissue (Groschwitz & Hogan, 2009). These two crucial roles indicate the importance of
maintaining a healthy gut, which could be defined as the absence of disease, a normal
microbial content, and effective digestion and immunity. In order to maintain gut health,
both an intact GI barrier and a healthy and diverse microbiome are required (Bischoff,
2011).
The wall of the GI tract is made up of four layers of tissue: the mucosa,
submucosa, muscularis, and serosa, with the mucosa being the innermost layer (Figure
1.1) (Tortora & Derrickson, 2008). The epithelial layer of the mucosa is in direct contact
with the luminal content of the intestines and is therefore one of the major potential
routes for pathogens to enter the host and cause disease (Kagnoff & Eckmann, 1997;
Tortora & Derrickson, 2008). A mucus gel layer consisting mainly of glycoproteins called
mucins coats the epithelium and provides an additional layer of defense against
pathogens (Deplancke & Gaskins, 2001; Linden, Sutton, Karlsson, Korolik, & McGuckin,
2008). Secretory mucins, such as mucin 2, are produced by goblet cells, while cell
surface mucins, including mucin 4, are present on the apical side of mucosal epithelial
cells (Deplancke & Gaskins, 2001; Linden et al., 2008). The epithelium must be
selectively permeable to allow the passage of various nutrients, ions, and water, while
preventing the passage of other luminal content. Solute movement typically
incorporates transcellular transport using various selective transporters, but paracellular
transport of ions and solutes may also occur (Figure 1.1) (Anderson & Van Itallie, 2009;
Groschwitz & Hogan, 2009). The paracellular pathway between cells is typically made
highly selective by the presence of a tight junction (TJ) protein complex, which connects
two adjacent epithelial cells (Furuse, 2010; Groschwitz & Hogan, 2009).
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Figure 1.1 The four layers of the intestine, from innermost to outermost, are the mucosa, the submucosa,
the muscularis, and the serosa. The mucosa is lined with a layer of epithelial cells linked at the apical
membrane by tight junction complexes. Solutes may be transported across the epithelium through the
cells (transcellular transport) or between the cells (paracellular transport) (Figure adapted from (OpenStax
College, 2018)).

Tight junction complexes consist of over 50 proteins and, along with other protein
complexes, they tightly link epithelial cells, regulating solute diffusion through charge
and size selectivity (Figure 1.2) (Furuse, 2010; Ulluwishewa et al., 2011). The various
proteins that make up TJs include transmembrane proteins, cytoskeletal proteins, and
cytoplasmic plaque proteins (Furuse, 2010). The transmembrane proteins may be either
single-span proteins, which are typically junctional adhesion molecules (JAM), or tetraspan proteins, including the claudin family, occludin, and tricellulin, each of which have
four transmembrane domains, two extracellular loops, and both the N- and C-terminus
in the cytoplasm (Ulluwishewa et al., 2011). JAM-A expression is associated with
decreased paracellular permeability, indicating that it may play a role in cell barrier
regulation (Martìn-Padura et al., 1998). The claudin family of protein performs various
functions in TJs, including forming paracellular channels or tightening the paracellular
pathway (Bücker, Schumann, Amasheh, & Schulzke, 2010). For example, claudin-2
forms a paracellular channel allowing the passage of small cations, while preventing
movement of anions or uncharged solutes. Claudins-1, -3, -4, -5, and -8, on the other
hand, are all responsible for decreasing paracellular permeability by tightening the
junctions between two adjacent cells (Bücker et al., 2010). Finally, occludin plays a role
in intermembrane and paracellular diffusion, while tricellulin is responsible for sealing
the junction between three epithelial cells (Ulluwishewa et al., 2011). Cytoplasmic
2

plaque proteins include the zonula occludens (ZO) proteins ZO-1 and ZO-2, which are
required for claudin TJ strand formation (Furuse, 2010; Ulluwishewa et al., 2011).
Additionally, the cytoplasmic C-terminal domains of claudins, JAM-A, and occludin can
bind to the ZO proteins, which then interact with cytoskeletal proteins, such as F-actin,
linking the transmembrane proteins to the cytoskeleton (Furuse, 2010). This complex of
TJ proteins is critical for maintaining the selective permeability of the paracellular
pathway, and therefore preventing the passage of pathogens into the intestinal tissue.

Figure 1.2 A schematic diagram of the structure of the tight junction, which is located at the apical
membrane of epithelial cells. The tetra-span transmembrane proteins, claudin and occludin, as well as
the single-span transmembrane protein, JAM-A, are critical for regulating the cell barrier. The plaque
protein, ZO-1, connects the transmembrane proteins to the actin cytoskeleton.

The physical barrier of the mucus membrane is the first line of defense against
foreign substances, although other components of the immune system are required
after pathogens enter the host. The immune system is divided into two arms: innate, or
non-specific, and adaptive, or specific (Cummings et al., 2004; Schley & Field, 2002).
The innate arm contains physical barriers, such as mucus membranes or skin, along
with immune cells, such as phagocytes, inflammatory cells, natural killer cells, and
3

dendritic cells (DCs). Soluble factors, such as cytokines, are also components of the
innate immune system, which responds immediately to invasion by pathogens.
Macrophages and DCs both express cellular receptors termed pattern recognition
receptors (PRRs), which recognize pathogens based on conserved molecular
structures, such as lipopolysaccharide (LPS). These pathogen-associated molecular
patterns (PAMPs) are often necessary for microbial survival and recognition by PRRs
will cause cellular activation and an innate immune response. Conversely, the adaptive
arm of the immune system consists of B- and T-lymphocytes, which have antigen
specific receptors and thus a memory component but require several days to activate
without previous exposure (Cummings et al., 2004; Schley & Field, 2002).
Mucosal immune systems contain components of both innate and adaptive
immunity and are localized to areas that are frequently exposed to pathogens such as
the intestines, which has the gut associated lymphoid tissue, or GALT (Figure 1.3)
(Schley & Field, 2002). In the mucosa and submucosa of the small intestine, there are
collections of lymphoid follicles termed Peyer’s patches, which contain CD4+ and CD8+
T cells, as well as naïve B cells, dendritic cells, and macrophages (Langkamp-Henken,
Glezer, & Kudsk, 1992). The epithelium covering the Peyer’s patches contains fewer
goblet cells, providing space for microfold (M) cells that contain many vesicles
responsible for transporting antigens from the lumen into the Peyer’s patches. Antigen
presenting cells then present the antigen to T- and B-cells, promoting class-switching of
the B-cells to immunoglobulin A (IgA) producing cells. The IgA producing cells exit the
Peyer’s patch and migrate to mucosal surfaces of the intestines where they produce
secretory IgA, one of the main elements of humoral immunity against microbial antigens
on mucosal surfaces (Fagarasan & Honjo, 2003; Langkamp-Henken et al., 1992).
Isolated lymphoid follicles are also present throughout the intestinal tract, including in
the colon and rectum, and are believed to function in a similar manner to Peyer’s
patches (Schley & Field, 2002). As can be seen, the innate and adaptive immune
systems effectively function to prevent infections by pathogenic microbes.
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Figure 1.3 The gut associated lymphoid tissue contains aspects of the innate and adaptive immune
system. The mucus layer physically protects the epithelium from antigens in the lumen, while M cells in
the Peyer’s patch transport antigens inside the cell, where antigen presenting cells, such as dendritic
cells, activate the immune response. Ultimately, this activation leads to the secretion of IgA. Image is
taken from (OpenStax College, 2018).

Another important aspect for gut health is the composition of the gut microbiome.
An estimated 1014 bacteria reside in the human colon, which contains more commensal
bacteria than any other organ (Sender, Fuchs, & Milo, 2016). There are approximately
7000 strains and 400 species of bacteria present in the colon, with many of the
predominant members being obligate anaerobes such as Bacteroides, Bifidobacterium,
Clostridium, Enterococcus, Eubacterium, Fusobacterium, Peptococcus,
5

Peptostreptococcus, Lactobacillus and Ruminococcus (Cummings et al., 2004; Eckburg
et al., 2005; Torres, Goncalves, Teizeira, & Rodrigues, 2010). Gut microbiota can have
an important impact on gut health in various ways. For example, bacteria can ferment
non-digestible saccharides into short chain fatty acids (SCFAs), which can encourage
the proliferation of epithelial cells, mucosal blood flow, and colonic motility. Butyrate, an
SCFA, is the major energy source for colonic epithelial cells. Furthermore, there is
evidence demonstrating that SCFAs can reduce the permeability of cecal mucosa
(Suzuki, Yoshida, & Hara, 2008). Commensal bacteria may also prevent the
colonization of pathogenic bacteria by competing for nutrients or adhesion sites, as well
as lowering the pH thereby inhibiting growth (Gibson & Wang, 1994). In order to
maintain a healthy gut, it is important to have a greater quantity of beneficial bacteria,
such as Bifidobacteria and Lactobacilli, relative to potentially harmful or pathogenic
bacteria (Gibson et al., 2010). In essence, it is essential that the gut barrier, the gut
immune system, and a healthy gut microbiome be maintained in order to promote a
healthy gut. This is of great importance, as failure of any of these systems could lead to
pathogenesis.

1.2 Intestinal inflammation and impacts on human health
1.2.1 General aspects of inflammation
Inflammation is typically part of the defense response by the innate immune
system to foreign agents that may cause tissue damage, and is characterized by the
accumulation of fluid, inflammatory mediators, and leucocytes, as well as an increase in
vascular permeability and blood flow (Gabay, 2006; Wright, 1997). Activation of the
inflammatory response can occur after innate immune cells expressing PRRs, such as
macrophages, dendritic cells, or neutrophils, are exposed to either pathogen-associated
molecular patterns or damage-associated molecular patterns (DAMPs), which are
molecules released from damaged cells or tissues (T. Liu, Zhang, Joo, & Sun, 2017;
Lucas & Maes, 2013). Recognition of the PAMPs or DAMPs commonly induces a
signaling pathway that ultimately results in activation of the nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB) pathway (Figure 1.4), leading to the
production of proinflammatory cytokines and chemokines, including interleukin (IL)-1, IL2, IL-6, IL-8, IL-12, tumour necrosis factor-α (TNF-α), and monocyte chemoattractant
protein-1 (MCP-1), also referred to as chemokine (C-C motif) ligand 2 (CCL2) (T. Liu et
al., 2017; Lucas & Maes, 2013; Mantovani et al., 2004; Moynagh, 2005). The various
proinflammatory cytokines and chemokines can have different effects. For example, IL1 and TNF can both trigger fever and stimulate IL-6 synthesis, which in turn promotes
fever and the acute phase response. On the other hand, MCP-1 induces chemotactic
migration of cells such as monocytes and lymphocytes to areas of inflammation (Wright,
1997). Ultimately, activation of the inflammatory pathway results in vasodilation along
with plasma protein and immune cell recruitment, which is displayed as tissue swelling,
redness, pain, and heat (T. Liu et al., 2017). After the clean-up process is completed,
inflammation is typically resolved by the elimination of granulocytes and the return of
macrophage and lymphocyte levels to normal (Serhan & Savill, 2005).
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Figure 1.4 Schematic summary of the activation of the NF-κB signaling pathway. This pathway may be
activated by proinflammatory cytokines, such as TNF-α, IL-6, or IL-1, or PAMPs, such as LPS. This
induces the phosphorylation of IκB, which degrades and releases NF-κB. The release of NF-κB leads to
gene transcription and the production of additional proinflammatory cytokines. This pathway is also
inhibited by the activation of PPAR-γ, which prevents the phosphorylation and degradation of IκB.

Under normal circumstances, this inflammatory response is beneficial because it
provides defense against invading pathogens and repairs tissue damage; however, it is
essential that the inflammatory response is resolved in a timely manner (Levy, Clish,
Schmidt, Gronert, & Serhan, 2001; T. Liu et al., 2017). There are two classifications of
inflammation: acute and chronic. Acute inflammation is a temporary, beneficial response
to tissue damage but if the inflammation persists it may progress to chronic
inflammation, which can have negative systemic effects (Gabay, 2006; Owen, Punt,
Stranford, & Jones, 2013).
Macrophage activation can play an important role in the inflammatory response
(Schultze, Schmieder, & Goerdt, 2015). There are two types of activation for
macrophages: classic, or M1, and alternative, or M2 (Figure 1.5). (Martinez & Gordon,
2014). The classic activation pathway may be stimulated by the presence of LPS or
TNF and causes the macrophage to produce cytokines that promote inflammation,
including IL-1, IL-6, and TNF (Martinez & Gordon, 2014; Wright, 1997). The M1
macrophages are responsible for killing intracellular pathogens, as well as tumour
resistance, although persistent activation may lead to chronic inflammation and its
associated diseases (Martinez & Gordon, 2014; Schultze et al., 2015). In contrast, IL-4
and IL-13 stimulate the alternative activation pathway, producing macrophages that
secrete IL-10 (Martinez & Gordon, 2014). These three cytokines, IL-4, IL-10, and IL-13,
are considered to have anti-inflammatory effects; therefore, M2 macrophages may be
referred to as anti-inflammatory macrophages (Owen et al., 2013; Schultze et al., 2015;
Wright, 1997). M2 macrophages are associated with allergies and are responsible for
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killing and encapsulating extracellular parasites, although overproduction of M2
macrophages may be associated with tumour development (Martinez & Gordon, 2014;
Schultze et al., 2015). M1 and M2 macrophages exist in a balance, but an inappropriate
or prolonged shift in this balance could lead to the development of disease (Martinez &
Gordon, 2014; Schultze et al., 2015).

Figure 1.5 The two activation pathways of macrophages are classical or alternative. Classical activation
leads to the development of M1 macrophages, the production of proinflammatory mediators, and a shift
toward an inflammatory state. Alternative activation leads to M2 macrophage development, the
production of anti-inflammatory mediators, and the resolution of inflammation.

1.2.2 Leaky gut and intestinal inflammation
Properly functioning intestinal barriers can prevent the passage of viable bacteria
and other large foreign agents from the GI lumen through the epithelial layer. The
efficacy of the mucosal barrier function can be tested by intestinal permeability studies,
during which the passage of non-digestible molecules, such as mannitol, is measured
(Cummings et al., 2004). There are several ways the mucosal barrier can be disrupted,
and permeability increased, such as through the presence of enteric pathogens, chronic
alcohol consumption, and the use of non-steroidal anti-inflammatory drugs (Groschwitz
& Hogan, 2009; Hollander, 1999; Z. Liu, Li, & Neu, 2005; Michielan & D’Incà, 2015).
This increase in intestinal permeability is often referred to as a “leaky gut” (Hollander,
1999; Z. Liu et al., 2005; Michielan & D’Incà, 2015). Intestinal permeability may be
increased due to decreased expression or redistribution of TJ proteins, or a reduction in
the number of goblet cells, leading to a thinner mucus layer (Bischoff et al., 2014;
Groschwitz & Hogan, 2009; Michielan & D’Incà, 2015). A disrupted mucosal barrier can
then allow pathogens to pass through the paracellular space and enter intestinal tissue.
As discussed previously, once inside the intestinal tissue, PAMPs are recognized
by PRRs and trigger signalling pathways that can induce inflammation. For example,
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LPS, a common PAMP found on Gram negative bacteria, can bind to toll-like receptor-4
(TLR4) to ultimately activate NF-κB signalling and increase production of proinflammatory mediators like IL-1, IL-2, IL-6, IL-8, IL-12, and TNF-α (T. Liu et al., 2017;
Lucas & Maes, 2013; Mantovani et al., 2004; Moynagh, 2005). Both LPS and TNF are
capable of classical activation of macrophages, which in turn induces the production of
proinflammatory cytokines by M1 macrophages (Martinez & Gordon, 2014). As a result,
persistent M1 activation can lead to constant expression of proinflammatory cytokines,
which can induce chronic inflammation and contribute to a diseased state.
Additionally, it has been demonstrated that inflammation can induce an increase
in intestinal permeability. High levels of TNF are associated with decreased expression
of TJ proteins (Michielan & D’Incà, 2015). Furthermore, increased TNF concentrations
contribute to increased apoptosis of enterocytes, increasing the rate of epithelial cell
shedding and limiting the gap sealing capabilities of the TJs (Michielan & D’Incà, 2015).
Interferon-γ (IFN-γ) and TNF-α can both promote the reorganization of TJ proteins and
the decreased expression of claudin and occludin, decreasing epithelial barrier integrity
(Mankertz et al., 2000; Zolotarevsky et al., 2002). Conversely, the anti-inflammatory
cytokine IL-10 may improve intestinal permeability (Madsen et al., 1999).
1.2.3 Intestinal inflammation and human health
Chronic inflammation of the GI tract is characteristic of inflammatory bowel
diseases (IBD) of which the two main forms are Crohn’s disease and ulcerative colitis
(Dahlhamer, Zammitti, Ward, Wheaton, & Croft, 2016; Xavier & Podolsky, 2007).
Crohn’s disease may affect the entire GI tract, while ulcerative colitis is restricted to the
colon. Symptoms of IBD may include abdominal pain, weight loss, mucus emptying, or
diarrhea, which may be bloody if the colon is affected as in ulcerative colitis and some
instances of Crohn’s disease. There may also be complications associated with IBD,
including colorectal cancer, as well as extraintestinal manifestations, possibly affecting
the eyes, skin, and joints (Holmberg et al., 2018). In 2012, an estimated 0.67% of
Canadians, for a total of 233 000 individuals, were suffering from IBD, with direct
medical costs over $1.2 billion per year (Rocchi et al., 2012). In the United States, it was
estimated that 1.3% of adults, or 3.1 million people, had a diagnosis of IBD. Direct
treatment costs in 2008 were estimated to surpass 6.8 billion USD in the United States
(Dahlhamer et al., 2016). The prevalence of IBD in both Canada and the United States
has increased from previous estimates, and is predicted to increase further, indicating
that IBD will continue to be a significant economic burden and detriment to quality of life
for those affected (Dahlhamer et al., 2016; Rocchi et al., 2012).
The development of chronic intestinal inflammation is promoted by increased
intestinal permeability, or a leaky gut, increasing exposure to LPS and inducing
persistently elevated levels of proinflammatory cytokines. Chronic intestinal
inflammation may be a key trigger for low-grade chronic inflammation on a systemic
level, potentially contributing to the pathogenesis of chronic conditions such as
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metabolic syndrome, non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus,
and cardiovascular disease (Minihane et al., 2015).

1.3 Low-grade chronic inflammation
Low grade chronic inflammation is defined as a persistent state of increased
levels of proinflammatory cytokines. These cytokines are present at a lower level than
found in acute inflammation, with approximately a 2- to 3- fold elevation of
proinflammatory mediators systemically (Mathur & Pedersen, 2008). Low-grade chronic
inflammation is typically asymptomatic, leaving the condition undiagnosed. One
potential cause is an increase in intestinal permeability that may allow bacterial
translocation to the intestinal tissue (Minihane et al., 2015). As mentioned previously,
this can lead to increased levels of proinflammatory cytokines, which have the potential
to enter systemic circulation and, along with increased levels of LPS or other PAMPs,
induce inflammation throughout the body.
1.3.1 Low-grade chronic inflammation and obesity
In many cases, obesity is strongly associated with low-grade chronic
inflammation of the white adipose tissue (WAT) (Bastard et al., 2006). Under normal
conditions, WAT acts not just as a site for energy storage, but also as a regulator of
metabolic homeostasis (Coelho, Oliveira, & Fernandes, 2013; Scherer, 2006). WAT
contains adipocytes and macrophages, which are both capable of releasing
proinflammatory or anti-inflammatory cytokines. An improper balance of
proinflammatory and anti-inflammatory cytokines is commonly found in obese adipose
tissue, and may contribute to the development of other diseases (Coelho et al., 2013).
Adipocytes, or fat cells, are the main components of white adipose tissue and
can secrete adipokines, which are adipocyte specific secretory proteins (Scherer, 2006).
Small adipocytes, as are present in lean individuals, produce more of the adipokine
adiponectin. When adiponectin is released, it travels to the liver where it acts as a
potent insulin sensitizer. Serum levels of adiponectin are decreased with an increased
fat mass, as well as in patients with increased inflammatory states, such as those with
cardiovascular disease (Scherer, 2006). Adiponectin has also been shown to inhibit the
expression of proinflammatory mediators, such as TNF-α, IL-6, MCP-1, and IL-1β, as
well as promoting the expression of the anti-inflammatory cytokine IL-10 (VillarrealMolina & Antuna-Puente, 2012). Adiponectin signaling inhibits NF-κB and enhances
PPAR-γ2 (peroxisome proliferator activated receptor gamma), which can suppress the
transactivation capability of NF-κB (Villarreal-Molina & Antuna-Puente, 2012).
Furthermore, low serum levels of adiponectin can serve as a predictor for diseases such
as cardiovascular disease and type 2 diabetes (Coelho et al., 2013; Greenberg & Obin,
2006; Scherer, 2006). Adipocytes are also capable of secreting proinflammatory
mediators, including MCP-1, TNF-α, and IL-6. It has been demonstrated that expression
of proinflammatory cytokines in WAT is positively correlated with levels of fat mass.
Release of MCP-1 by adipocytes leads to the recruitment of monocytes from circulation
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to the WAT, where they infiltrate the tissue and differentiate into M1 macrophages
(Coelho et al., 2013; Greenberg & Obin, 2006; Kanda et al., 2006; Lumeng, Bodzin, &
Saltiel, 2007; Lumeng, DeYoung, Bodzin, & Saltiel, 2007). The M1 macrophages are
responsible for producing much of the TNF-α and IL-6 secreted by WAT (Coelho et al.,
2013; Weisberg et al., 2003). Overall, hypertrophy of adipocytes leads to reduced
expression of adiponectin and increased expression of TNF-α, IL-6, and MCP-1, which
is responsible for recruiting macrophages that produce additional TNF-α and IL-6.
These adipokines and cytokines enter systemic circulation, potentially inducing lowgrade chronic inflammation. Additionally, lowered levels of adiponectin can lead to a
reduction in insulin sensitivity, while increased expression of TNF-α or IL-6 can
contribute to insulin resistance (Bastard et al., 2006; Coelho et al., 2013; Dandona,
2004).
1.3.2 Low-grade chronic inflammation and insulin resistance
Insulin resistance is defined as a smaller than normal response to a constant
amount of insulin (Hotamisligil et al., 1996). Insulin is an anabolic hormone that plays an
important role in glycogen, lipid, and protein synthesis, but it is best known as a
regulator of glucose homeostasis and glucose uptake (Pessin & Saltiel, 2000; Taha &
Klip, 1999). The β-cells on the pancreatic islets of Langerhans secrete insulin in
response to high circulating levels of glucose in the blood. The hormone then binds to
the insulin receptor to begin a signaling cascade that ultimately results in glucose
uptake by cells. The insulin receptor consists of two extracellular α-subunits and two
transmembrane β-subunits joined together by disulfide linkages. Insulin begins the
signaling pathway by binding to the α-subunit of the insulin receptor, which sends a
signal to the intracellular tyrosine kinase domain of the β-subunit. This induces the
autophosphorylation of several tyrosine residues of the β-subunit, as well as
phosphorylation of the tyrosine residues of the insulin receptor substrate (IRS) family,
including IRS-1 (Figure 1.6). The IRS proteins are essential for continuing the signal
cascade that culminates in increased glucose transport. The primary method of insulin
mediated glucose transport is through the translocation of glucose transporters,
especially glucose transporter type 4 (GLUT4), from intracellular vesicles to the cell
membrane (Pessin & Saltiel, 2000; Taha & Klip, 1999). IRS-1 plays an important role in
insulin-stimulated GLUT4 translocation, as this translocation is greatly reduced in the
presence of the same levels of insulin relative to a control if IRS-1 is not produced
(Quon et al., 1994; Taha & Klip, 1999).
The proinflammatory cytokines TNF-α and IL-6 have previously been
demonstrated to inhibit this insulin signaling pathway (Bastard et al., 2006; Dandona,
2004; Hotamisligil, 2003). A previous study has shown that TNF-α inhibits the tyrosine
kinase activity of the insulin receptor, preventing downstream signaling events such as
the phosphorylation of IRS-1 (Hotamisligil, Budavari, Murray, & Spiegelman, 1994).
Additionally, TNF-α induces phosphorylation of serine residues on IRS-1, preventing
tyrosine phosphorylation and activation of IRS-1 (Hotamisligil et al., 1996). Furthermore,
increased IL-6 concentrations were demonstrated to decrease phosphorylation of IRS-1
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and inhibit downstream signaling (Senn, Klover, Nowak, & Mooney, 2002). Both
proinflammatory cytokines can contribute to insulin resistance, which can in turn lead to
hyperglycemia, hyperlipidemia, and hyperinsulinemia. Insulin resistance is also
associated with diseases such as type 2 diabetes, non-alcoholic fatty liver disease, and
coronary heart disease (Bornfeldt & Tabas, 2011; Marchesini et al., 1999; Reaven,
1995).

Figure 1.6 Schematic diagram of the insulin signaling pathway. Insulin binds the insulin receptor, leading
to the phosphorylation and activation of the adaptor protein IRS-1, which begins a signaling cascade. The
cascade ultimately leads to translocation of GLUT4 to the plasma membrane and glucose uptake.
Proinflammatory mediators can bind to their receptors and inhibit the phosphorylation of IRS-1.

1.3.3 Low-grade chronic inflammation and liver diseases
One of the most common chronic liver diseases is non-alcoholic fatty liver
disease, which is caused by the build-up of excessive fat in the liver, with an estimated
20-30% of the general population being affected (Rajwal & McClean, 2017; Targher,
2017). It can range in severity, with the most severe form referred to as non-alcoholic
steatohepatitis (NASH), which can lead to fibrosis and cirrhosis (Rajwal & McClean,
2017). The prevalence of NAFLD is significantly higher in individuals afflicted with
insulin resistance and associated conditions, such as obesity, which has a prevalence
of up to 75% (Utzschneider & Kahn, 2006). Subjects with NAFLD exhibit reduced
whole-body insulin sensitivity, as well as hepatic and adipocyte insulin sensitivity.
Furthermore, insulin suppression of free fatty acids (FFA) is reduced and fatty acid
oxidation is inhibited in individuals with NAFLD. This indicates that insulin resistance of
adipocytes can cause an excess of FFA moving to the liver, which may promote hepatic
steatosis development (Utzschneider & Kahn, 2006). Chronic low-grade inflammation is
also associated with NAFLD. For example, TNF-α and IL-6 are present at higher levels
than normal in subjects with NASH, while adiponectin is present at lower than normal
amounts (Henry, Caldwell, & Argo, 2016). Bacterial translocation due to increased
intestinal permeability may also contribute to NAFLD development by increasing
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circulating levels of LPS. Inflammatory cells, including Kupffer cells in the liver, are
activated by LPS, which further activates hepatic stellate cells, which in turn may lead to
fibrosis (Ilan, 2012). Kupffer cells and hepatic stellate cells may also be activated by the
increased FFA levels in the liver induced by insulin resistance, further contributing to
inflammation and fibrosis (Rajwal & McClean, 2017). Therefore, NAFLD can contribute
to inflammation but is also induced by systemic chronic low-grade inflammation.
1.3.4 Low-grade chronic inflammation and atherosclerosis
Chronic inflammation is also associated with cardiovascular disease and
atherosclerosis. Proinflammatory cytokines, such as TNF-α, can activate the NF-κB
pathway, which can induce vascular cell adhesion molecule-1 (VCAM-1) expression in
endothelial cells (Berg & Scherer, 2005; Libby, 2006). Under normal conditions the
arterial endothelium is resistant to monocyte adhesion but the expression of VCAM-1
allows binding of monocytes and T-lymphocytes (Libby, 2006). Following this, MCP-1 is
likely responsible for monocyte penetration of the endothelial wall, where the monocytes
mature into macrophages that engulf lipoproteins. The accumulation of cholesterol
esters within the macrophages causes them to become foam cells, which are simply
lipid-laden macrophages and are characteristic of early atherosclerosis. The
macrophages also produce proinflammatory mediators, contributing to a persistent
inflammatory state. The build-up of foam cells can lead to plaque formation, arterial
narrowing, and decreased blood flow. Furthermore, plaque rupture is the leading cause
of acute coronary syndromes, with the potential to completely block the artery. Under
normal conditions a fibrous cap consisting of a collagen matrix protects the blood from
the lipid core of the plaque and arteries may enlarge to compensate for plaque size.
However, an inflammatory state can promote plaque rupture by disrupting collagen
matrix integrity (Libby, 2006). Overall, chronic inflammation can encourage the
development of atherosclerosis, while potentially worsening the disease.

1.4 Lipopolysaccharide mediated low-grade chronic inflammation
One of the classical PAMPs that humans are exposed to via the intestinal tract is
LPS (Lucas & Maes, 2013). Expressed by all Gram-negative bacteria, LPS is an
essential component of Gram-negative bacterial outer membranes (Erridge, BennettGuerrero, & Poxton, 2002). Lipopolysaccharides consist of both lipid and carbohydrate
components (Figure 1.7). The carbohydrate components are divided into an Opolysaccharide and a non-repeating core polysaccharide region, with O-polysaccharide
being the outermost segment of LPS, and the main antigen recognized by host
antibodies. The O-polysaccharide region of LPS is highly variable, while the core
polysaccharide region is more highly conserved between bacterial strains and species.
Finally, the lipid region, termed lipid A, is the innermost segment of LPS and is the
region that demonstrates endotoxicity. Lipid A structure may vary between bacterial
species and has varying degrees of endotoxicity, as determined by the number and
arrangement of acyl chains and phosphate groups (Erridge et al., 2002). The lipid A
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region of LPS can also be recognized by monocytes, and is the main PAMP of LPS
(Erridge et al., 2002; Lu, Yeh, & Ohashi, 2008).

Figure 1.7 Schematic structure of LPS, which consists of a repeating O-polysacchride antigen segment,
a polysaccharide core segment, and the toxic Lipid A segment.

The LPS signalling pathway is initiated when LPS binds to the LPS binding
protein (LBP), which is a soluble shuttle protein (Figure 1.8) (Lu et al., 2008; Lucas &
Maes, 2013). Lipopolysaccharide then associates with CD14 (cluster of differentiation
14) with the aid of LBP. The adaptor protein CD14 then transfers LPS to the TLR4/MD-2
(toll-like receptor 4/ myeloid differentiation protein-2) receptor complex. Myeloid
differentiation protein-2 is a soluble protein that directly binds LPS and is associated
non-covalently with TLR4. Once two TLR4/MD-2/LPS complexes are formed, they can
dimerize to initiate the TLR4 signaling pathway (Lu et al., 2008; Lucas & Maes, 2013).
TLR4 dimers interact with toll-interleukin-1 receptor (TIR) domains on adaptor proteins
to initiate one of two pathways: the MyD88 (myeloid differentiation primary response
gene 88) dependent pathway, which typically induces proinflammatory cytokine
expression, or the MyD88 independent pathway, which induces expression of Type 1
interferons (Lu et al., 2008). In order to initiate the MyD88 dependent pathway, the
TLR4/MD-2/LPS dimers must interact with the MyD88 adaptor protein. To facilitate this,
the adaptor protein TIRAP (TIR domain-containing adaptor protein) recruits cytosolic
MyD88 to the TLR4 dimer location (Bernard & O’Neill, 2013). Following this, MyD88
recruits and activates IL-1 receptor associated kinase-4 (IRAK-4), which leads to further
downstream signaling, resulting in the activation of IκB kinase (IKK). An IKK complex is
formed, leading to the phosphorylation of IκB (inhibitor of κ light chain gene enhancer in
B cells). Phosphorylation of IκB induces its degradation and the release of NF-κB,
allowing NF-κB translocation to the nucleus where it promotes the expression of
proinflammatory cytokines, such as TNF-α and IL-6 (Lu et al., 2008). As mentioned
previously, high circulating levels of TNF-α is associated with decreased expression of
tight junction proteins, which is a key factor in increased intestinal permeability. This
increased intestinal permeability can allow for increased bacterial translocation, as well
as increased levels of circulating LPS, perpetuating this inflammatory state (Michielan &
D’Incà, 2015).
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Figure 1.8 Schematic summary of the TLR4 signaling pathway activated by LPS. Initially LPS binds to
the soluble LBP, which helps LPS associate with CD14, an adaptor protein that transfers LPS to the
TLR4/MD-2 receptor complex. The TLR4/MD-2/LPS complex forms a homodimer that initiates the MyD88
dependent signaling pathway with the adaptor protein TIRAP. The MyD88 pathway activates IRAK, which
begins a signaling cascade that results in the activation of IKK, which phosphorylates IκB. This induces
the degradation of IκB, releasing NF-κB and allowing it to enter the nucleus and begin gene transcription.

Chronic inflammation can be induced and investigated in animal models through
the administration of various compounds. Chemical compounds may be administered
intrarectally or orally in order to induce intestinal inflammation (Barone et al., 2018).
Some of the more commonly used chemicals to induce inflammation include
trinitrobenzene sulfonic acid (TNBS), dextran sulphate sodium (DSS), and oxazolone
(Barone et al., 2018; Randhawa, Singh, Singh, & Jaggi, 2014; Wirtz, Neufert,
Weigmann, & Neurath, 2007). Inflammation may be induced by common dietary
emulsifiers found in processed food, as well as dinitrobenzene sulfonic acid (DNBS)
(Barone et al., 2018; Martín et al., 2015). Low grade inflammation may also be induced
in a mouse model by administration of exogenous LPS (Nakarai et al., 2012), as was
done in the present study.

1.5 Anti-inflammatory activity of bioactive food compounds
Low-grade chronic inflammation is typically asymptomatic and remains
undetected and therefore untreated; however, low-grade chronic inflammation may
contribute to various metabolic disorders, such as insulin resistance (Hotamisligil et al.,
1994). Treatment of these metabolic disorders can be expensive and often has potential
side effects. Bioactive food compounds can have anti-inflammatory effects and
consumption is often less risky than that of pharmaceuticals. Therefore, the use of these
bioactive food compounds is desirable as an early intervention to potentially prevent
inflammation or the progression of the inflammatory state into metabolic disorders
(Majumder, Mine, & Wu, 2016).
15

Bioactive food compounds such as polyunsaturated fatty acids (PUFAs),
vitamins, polyphenols, probiotics, peptides, amino acids, and prebiotics all demonstrate
anti-inflammatory activity. A summary of the anti-inflammatory mechanisms of some of
these bioactive food compounds is presented in Table 1. In general, these mechanisms
may include the inhibition of proinflammatory mediator expression, the promotion of
anti-inflammatory mediator expression, as well as interfering with signaling pathways,
especially the NF-κB pathway, and activating PPAR-γ. As discussed previously,
activation of the NF-κB pathway induces expression of proinflammatory cytokines.
Inhibition of this pathway could therefore reduce levels of these cytokines. Activation of
PPAR-γ can also interfere with NF-κB transcription factors, inhibiting the inflammatory
response (Figure 1.4) (Stienstra, Duval, Müller, & Kersten, 2007).
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Table 1.1 Anti-inflammatory functions of food bioactive compounds
Food Bioactive
Category
PUFA

Vitamins

Food Bioactive Compound

Sources

Eicosapentaenoic acid (EPA)
Docosahexaenoic acid (DHA)

Fish oil

Vitamin D

UV rays
Fatty fish
Egg yolk
Dairy products

Vitamin E

Nuts and
seeds

Vitamin A

Glutamine

Glutamate
Amino Acids
Arginine

Cysteine,
N-acetylcysteine

Anti-inflammatory function
1. Suppression of proinflammatory cytokine
expression
2. Inhibition of the NF-κB pathway
3. PPAR agonists
1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1-β, IL-6)
2. Inhibition of the NF-κB pathway
3. Increased expression of TJ proteins
1. Suppression of proinflammatory mediator
expression (IL-1-β, TNF-α, IL-6, MCP-1)
2. Inhibition of NF-κB pathway
1. Suppression of proinflammatory cytokine
expression (IL-6, TNF-α)
2. Inhibition of NF-κB pathway
3. Increased expression of TJ proteins
1. Suppression of proinflammatory cytokine
expression (TNF-α, IFN-γ)
2. Inhibition of NF-κB pathway
1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β)
1. Suppression of proinflammatory mediator
expression (IL-1α, IL-1β, IL-6, IL-17, MCP-1)
2. Decreased intestinal permeability
1. Suppression of proinflammatory cytokine
expression (IL-6, TNF-α, IFN-γ, IL-1β)
2. Decreased intestinal permeability
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Reference
(Tousoulis et al., 2014;
Zúñiga et al., 2011)
(Giovannini et al., 2001;
Grenier, Morin, FournierLarente, & Chen, 2016;
Zhao et al., 2012)
(Jiang, 2014; Kwang, Sethi,
Krishnan, & Aggarwal,
2007; Matsunaga et al.,
2012; Wallert et al., 2015)
(Reifen et al., 2002; Xiao et
al., 2018)

(Kretzmann et al., 2008)

(Li et al., 2014)

(Coburn et al., 2012)
(C. J. Kim et al., 2009;
Uraz, Tahan, Aytekin, &
Tahan, 2013)

1. Suppression of proinflammatory mediator
expression (TNF-α, IL-6, IFN-γ, IL-1β, IL-8,
MCP-1)
2. Decreased intestinal permeability

Tryptophan
Amino Acids
cont.

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β)

Glycine

Histidine
Tripeptides Val-Pro-Pro (VPP)
and Ile-Pro-Pro (IPP)

Lunasin

Lactoferricin

Milk

Soybean

Cow’s milk

Peptides

Pyro-glutamyl leucine

Tripeptide Val-Pro-Tyr (VPY)

Wheat gluten

Soy

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-6)
2. Inhibition of the NF-κB pathway
1. Suppression of proinflammatory cytokine
expression (IL-1β, IL-6)
1. Suppression of proinflammatory cytokine
expression (IL-1β, IL-6)
2. Inhibition of the NF-κB pathway
1. Suppression of proinflammatory cytokine
expression (IL-1β, IL-6)
2. Activation of anti-inflammatory cytokine
expression (IL-4, IL-10)
3. Suppression of TLR2 expression
1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-6)
2. Inhibition of the NF-κB pathway

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β, IFN-γ)
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(Islam et al., 2017; C. J.
Kim et al., 2010)

(Tsune et al., 2003)

(Andou et al., 2009)

(Nakamura et al., 2013)

(de Mejia & Dia, 2009; Dia
& de Mejia, 2011)

(J.-S. Kim et al., 2013; Yan
et al., 2013)

(Hirai et al., 2014)

(Kovacs-Nolan et al., 2012)

Tripeptides Ile-Arg-Trp (IRW)
and Ile-Gln-Trp (IQW)

Egg

1. Suppression of proinflammatory mediator
expression (MCP-1, IL-6)
2. Inhibition of the NF-κB pathway

Whey protein hydrolysate

Cheese
making byproduct

1. Suppression of proinflammatory mediator
expression (IL-8)
2. Inhibition of LPS binding TLR4

Fish protein hydrolysate

Fish, such as
pacific whiting

1. Suppression of proinflammatory cytokine
expression (IFN-γ)
2. Decreased intestinal permeability

Peptides cont.

γ-Glutamyl cysteine
γ-Glutamyl valine

Polyphenols

Curcumin

Turmeric

Resveratrol

Skin of grapes,
berries,
peanuts

Quercetin

Grapes

1. Suppression of proinflammatory mediator
expression (IL-8, TNF-α, IL-6, IL-1β, IFN-γ,
IL-17A, MCP-1)
2. Activation of anti-inflammatory cytokine
expression (IL-10)
3. Inhibition of the NF-κB pathway
1. Suppression of proinflammatory mediator
expression (TNF-α, MCP-1, IL-6, IL-1β)
2. Inhibition of the NF-κB pathway
1. Suppression of proinflammatory mediator
expression (TNF-α, IL-1β, IL-6, MCP-1, IL-8)
2. Inhibition of the NF-κB pathway
3. Increased expression of adiponectin
1. Suppression of proinflammatory mediator
expression (TNF-α, IL-1β, IL-6, IL-8, MCP-1)
2. Inhibition of the NF-κB pathway
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(Huang et al., 2010;
Majumder, Chakrabarti,
Morton, et al., 2013;
Majumder, Chakrabarti,
Davidge, & Wu, 2013)
(Iskandar, Dauletbaev,
Kubow, Mawji, & Lands,
2013; Piccolomini,
Iskandar, Lands, & Kubow,
2012)
(Bjørndal et al., 2013;
Marchbank, Elia, &
Playford, 2009)

(Zhang, Kovacs-Nolan,
Kodera, Eto, & Mine, 2015)

(Gonzales & Orlando,
2008; Weisberg, Leibel, &
Tortoriello, 2008)
(Gonzales & Orlando,
2008; Ołlholm, Paulsen,
Cullberg, Richelsen, &
Pedersen, 2010;
Potapovich et al., 2011)
(Overman, Chuang, &
McIntosh, 2011;
Potapovich et al., 2011)

1. Suppression of proinflammatory mediator
expression (TNF-α, MCP-1)

Cyanidin 3-glucoside

Purple corn

Epigallocatechin gallate

Tea

Lycopene

Tomato

1. Suppression of chemokine MCP-1
expression
2. Inhibition of the NF-κB pathway
1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-10)

Tangeretin

Citrus fruit
peel

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β, IL-6)
2. Inhibition of the NF-κB pathway

Polyphenols
cont.

Naringenin
Hesperetin
VSL#3 (Mixture of
Streptococcus thermophilus,
Lactobacillus acidophilus, L.
delbrueckii ssp. Bulgaris, L.
paracasei, L. plantarum,
Bifidobacterium longum, B.
infantis, B. breve)

Citrus
aurantium L.

(Sasaki et al., 2007)
(Han, Han, Toborek, &
Hennig, 2012)
(Hazewindus, Haenen,
Weseler, & Bast, 2012)
(Arivazhagan &
Subramanian, 2015)

1. Suppression of proinflammatory cytokine
expression (IL-6)
2. Promotion of adiponectin and PPAR-α/-γ
expression
3. Inhibition of the NF-κB pathway

(L. Liu et al., 2008; Yoshida
et al., 2010)

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β, IL-6)
2. Inhibition of the NF-κB pathway
3. Increased expression of the antiinflammatory cytokine IL-10

(Dai et al., 2013; Talero et
al., 2015)

Probiotics

Eschericia coli Nissle 1917

1. Suppression of proinflammatory mediator
expression (IL-1β, MCP-1, TNF-α, IL-2)
2. Increased expression of TJ proteins (ZO-1,
MUC-2)
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(Garrido-Mesa et al., 2011)

Bifidobacteria and
Lactobacillus

1. Decreased expression of the
proinflammatory cytokine TNF-α
2. Decreased expression of TLR4

Lactobacillus plantarum
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1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β)
2. Increased expression of anti-inflammatory
cytokine IL-10

L. plantarum LS/07 CCM7766

1. Suppression of proinflammatory cytokine
expression (IL-2, IL-6, IL-17, TNF-α)
2. Increased expression of anti-inflammatory
cytokine IL-10

L. plantarum CGMCC1258

1. Suppression of proinflammatory mediator
expression (IL-8, TNF-α)
2. Inhibition of the NF-κB pathway
3. Increased expression of TJ proteins
(Claudin-1, Occludin, ZO-1)

Probiotics cont.
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(Yang, Fu, Liu, & Ren,
2013)

(Satish Kumar et al., 2015;
Wu et al., 2016)

(Štofilová et al., 2015)

(Wu et al., 2016)

1.6 Anti-inflammatory properties of prebiotics
Due to the key role the gut microbiota plays in modulating intestinal health, there
has been a great deal of interest in modulating the composition of bacteria in the GI
tract to benefit human health. One method to shift the microbial balance to contain a
higher ratio of beneficial to pathogenic bacteria is through the administration of
prebiotics.
Prebiotics are defined as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit” (Gibson et al., 2017). Additionally, dietary
prebiotics must demonstrate: resistance to digestion by gastric acidity and mammalian
enzymes, as well as absorption in the GI tract; the ability to be fermented by intestinal
microbiota; and the selective stimulation of growth or activity of beneficial bacteria in the
intestine. Each of these characteristics should be demonstrated scientifically in order for
a compound to be classified as a prebiotic (Gibson, Probert, Loo, Rastall, & Roberfroid,
2004). Most frequently, Lactobacillus and Bifidobacterium spp. are able to utilize
prebiotics in order to confer health benefits; however, other species of microorganisms
may also be responsible for providing prebiotic related health benefits (Gibson et al.,
2017).
Prebiotics can confer beneficial effects to multiple areas of host health, including
bone health through improved mineral bioavailability, mental health through metabolites
that improve brain function, cardiovascular health through reduced blood lipid levels and
improved insulin sensitivity, and GI tract health through inhibiting the growth of
pathogens and stimulating the immune system (Gibson et al., 2017). Prebiotics can also
improve host health by exerting an anti-inflammatory effect. The primary mechanism by
which prebiotics improve health is through the production of SCFAs. Short-chain fatty
acids are produced through the saccharolytic fermentation of non-digestible
carbohydrates, or prebiotics, by bacteria such as Lactobacillus and Bididobacterium
(O’Connor, Chouinard-castonguay, Gagnon, & Rudkowska, 2017). The SCFAs are
mainly produced in the colon and consist of mostly acetate, proprionate, and butyrate,
but other products may include valerate, caproate, or branched SCFAs such as
isobutyrate and isovalerate (Fernández et al., 2016; Valcheva & Dieleman, 2016).
Butyrate plays an important role in GI health, as it is a key energy source for
colonocytes, inhibits production of proinflammatory mediators, including IFN-α, IL-2, IL-8
and TNF-α, and may inhibit the NF-κB pathway (Valcheva & Dieleman, 2016; Vinolo,
Rodrigues, Nachbar, & Curi, 2011). Administration of prebiotics also improves intestinal
epithelial function through an increased number of goblet cells and a thicker epithelial
mucus layer (Kleessen, Hartmann, & Blaut, 2003). This improvement may be due to an
increase in SCFA levels or an increased amount of Bifidobacterium, which has
demonstrated an ability to improve intestinal barriers (Cani et al., 2009; Wasilewski,
Zielińska, Storr, & Fichna, 2015). Treatment with prebiotics has also been shown to
increase levels of glucagon-like peptide-2 (GLP-2), which is important for the regulation
of TJ proteins (Cani et al., 2009; Wasilewski et al., 2015; Yu et al., 2014). The improved
mucosal barrier can prevent bacterial translocation into intestinal tissue, reducing
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exposure to toxins such as LPS, and reducing inflammation (O’Connor et al., 2017).
Furthermore, the production of SCFAs causes the pH of the intestinal lumen to
decrease, which suppresses growth of pathogenic bacteria (O’Connor et al., 2017).
Prebiotics may also have an impact on insulin sensitivity. Higher serum
concentrations of LPS and pro-inflammatory markers can lead to fasting hyperglycemia
and hyperinsulinemia, as well as insulin resistance (O’Connor et al., 2017). Preventing
bacterial translocation through improved mucosal integrity could decrease these
concentrations. Additionally, SCFAs increase the production of GLP-1, which promotes
insulin secretion and improves insulin sensitivity (Delzenne, Cani, & Neyrinck, 2007;
O’Connor et al., 2017).
The most commonly used prebiotics are fructans, including inulin and
oligofructose, and galactans, such as galactooligosaccharides (GOSs) (Gibson et al.,
2010, 2017). These compounds are selectively fermented by bifidobacteria because
they are easily digested by β-fructanosidase and β-galactosidase, respectively, and
these enzymes are prevalent in bifidobacteria (Gibson et al., 2017). Inulin-type fructans
are one of the most common types of fructans used as prebiotics. They can be
manufactured by enzymatically hydrolysing inulin extracted from chicory roots or other
plants with the enzyme inulinase to yield short-chain inulin molecules termed
oligofructose (Gibson et al., 2010). The commonly used galactan, GOS, is produced by
treating lactose syrup with the enzyme β-galactosidase, which has transgalactosylase
activity (Gibson et al., 2010). Both the fructans and galactans have demonstrated an
anti-inflammatory effect. Other compounds exist that can exert anti-inflammatory effects
as prebiotics and are presented in Table 1.2.
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Table 1.2 Anti-inflammatory functions of prebiotics

Prebiotic

Source

Anti-inflammatory function

Reference

Inulin

Chicory root

1. Suppression of proinflammatory cytokine
expression (IL-2, TNF-α)
2. Increased expression of anti-inflammatory
cytokine IL-10
3. Inhibition of the NF-κB pathway
4. Decreased circulating LPS levels in
women with type 2 diabetes mellitus

(Dehghan, Gargari, JafarAbadi, & Aliasgharzadeh,
2014; Hijová, Szabadosova,
Štofilová, & Hrčková, 2013;
Shukla, Bhatia, & Sharma,
2016)

Oligofructose/
Fructooligosaccharides

Chicory root

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β, MCP-1, IFN-γ, IL17)
2. Increased expression of TJ proteins
occludin and ZO-1
3. Increased levels of IgA

(Cani et al., 2009; CapitánCañadas et al., 2016;
Hosono et al., 2003)

Oligofructose enriched
inulin

Chicory root

1. Suppression of proinflammatory cytokine
expression (IL-1β, IFN-γ, TNF-α)
2. Increased expression of anti-inflammatory
cytokine IL-10
3. Decreased serum LPS concentration

(Dehghan, Pourghassem
Gargari, & Asghari Jafarabadi, 2014; Hoentjen et
al., 2005; Roller,
Rechkemmer, & Watzl,
2004)

1. Suppression of proinflammatory cytokine
expression (IL1-β, TNF-α, IL-6)
2. Increased expression of anti-inflammatory
cytokine IL-10

(Vulevic, Drakoularakou,
Yaqoob, Tzortzis, & Gibson,
2008)

Galactooligosaccharides Lactose
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Xylooligosaccharides

Plant
hemicellulose

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-1β, IL-6, IFN-γ)
2. Increased expression of anti-inflammatory
cytokine IL-10

(Chen, Chen, Chang, & Lin,
2012; Hansen et al., 2013)

β-galactomannan

Carob bean

1. Suppression of proinflammatory mediator
expression (TNF-α, IL-1α, IL-6, MCP-1)

(Badia, Brufau, et al., 2012;
Badia, Zanello, et al., 2012)

Germinated barley
foodstuff

Barley

1. Suppression of proinflammatory mediator
expression (IL-6, IL-8)

(Faghfoori et al., 2011)

Polydextrose

Glucose
polymer

1. Suppression of proinflammatory cytokine
expression (TNF-α)

(Herfel et al., 2011)

Beta-1,4-mannobiose

Coconut flour

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-6)

(Kovacs-Nolan, Kanatani,
Nakamura, Ibuki, & Mine,
2013)

Resistant dextrin

Wheat or
maize

1. Suppression of proinflammatory cytokine
expression (TNF-α, IL-6)
2. Reduced serum LPS concentrations

(Aliasgharzadeh, Dehghan,
Gargari, & AsghariJafarabadi, 2015)
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1.7 Isomaltodextrin
Isomaltodextrin (IMD) is a highly branched, water soluble α-glucan that has
demonstrated resistance to digestion by mammalian enzymes (Tsusaki et al., 2009). It
consists of glucose residues with many α-1,4-, α-1,6-, and α-1,3,6-linkages (Figure 1.9).
Isomaltodextrin is enzymatically produced from maltodextrin by the enzymes αglucosidase and α-amylase isolated from the bacterial strain Paenibacillus sp. PP710
(Tsusaki et al., 2012). Sadakiyo et al. have demonstrated that IMD can benefit human
health through its actions as a soluble dietary fiber by suppressing glucose absorption in
the small intestine and attenuating blood glucose elevation following a meal (Sadakiyo
et al., 2017). Furthermore, IMD may have the ability to act as a prebiotic due to its
resistance to digestion by β-amylase (Tsusaki et al., 2009). In a study by Nishimura et
al., the colonic fermentation of IMD was investigated in rats (Nishimura, Tanabe, &
Yamamoto, 2016). It was determined that IMD increases hydrogen excretion in breath
and flatus in a dose dependent manner to a similar level as fructooligosaccharides, a
proven prebiotic. Hydrogen excretion can be an indicator of colonic hydrogen
production, indicating that IMD is fermented in the colon. Furthermore, Nishimura et al.
also investigated the number of bifidobacteria in the cecum and found a dosedependent increase, suggesting that IMD may be a bifidogenic α-glucan (Nishimura et
al., 2016). The efficacy of treatment with IMD for intestinal inflammation was also
investigated in a mouse model of colitis (Majumder et al., 2017). Treatment with IMD did
not improve typical colitis symptoms; however, IMD treatment was associated with a
significant reduction in the expression of proinflammatory mediators TNF-α and IL-8, as
well as TLR4. This indicates that IMD may have anti-inflammatory activity (Majumder et
al., 2017). The effect of IMD on low-grade chronic inflammation has not yet been
investigated.
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Figure 1.9 Putative structure of isomaltodextrin, an α-glucan resistant to digestion. (a) Nonreducing end
α-D-Glc; (b) 1,6-linked α-D-Glc; (c) 1,3-linked α-D-Glc; (d) 1,3,6-linked α-D-Glc; (e) 1,4-linked α-D-Glc; (f)
1,4,6-linked α-D-Glc; (g) reducing end α-D-Glc.

2 Hypothesis and objectives
2.1 Hypothesis
It is hypothesized that administration of isomaltodextrin can exert an antiinflammatory effect in mice with LPS-induced low-grade chronic inflammation.

2.2 Objectives
The primary objective is to assess the anti-inflammatory effects of
isomaltodextrin in a mouse model with LPS-induced low-grade chronic inflammation.
Additionally, the objective is to identify the anti-inflammatory mechanisms of
isomaltodextrin, and finally to determine if isomaltodextrin can prevent metabolic
disorders induced by low-grade chronic inflammation.

27

3 Materials and methods
3.1 Materials and reagents
Isomaltodextrin was provided under the brand Fibryxa from Hayashibara
Company, Limited (Okayama, Japan) and administered to the mice by dissolving in
drinking water. To induce inflammation, lipopolysaccharide isolated from Escherichia
coli strain O111:B4 was administered in the drinking water of appropriate treatment
groups (Sigma, Oakville, ON).
Blood glucose levels were tested using the OneTouch Ultra 2 blood glucose
metre (Life Scan Canada, Burnaby, BC). Plasma concentrations of TNF-α and MCP-1
were measured using enzyme-linked immunosorbent assay (ELISA) kits as per
manufacturer’s instruction (Invitrogen, Carlsbad, CA). Plasma and white adipose tissue
adiponectin concentrations were measured by a commercially available ELISA kit (R&D
Systems, Oakville, ON). The Ultra Sensitive Mouse Insulin ELISA kit was used to
measure plasma insulin concentrations (Crystal Chem, Elk Grove Village, IL). The Dmannitol plasma concentrations were determined by using the D-Mannitol Assay Kit
(Colorimetric) (Abcam Inc., Toronto, ON). Concentration of feces IgA was also
measured using an ELISA kit according to manufacturer’s instructions (eBioscience,
Affymetrix, Inc., San Diego, CA) and plasma endotoxin concentrations were measured
with the Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, Whitby,
ON).
White adipose tissue protein extraction for western blot was performed using the
Minute™ Total Protein Extraction Kit for Adipose Tissues/ Cultured Adipocytes (Invent
Biotechnologies, Inc., Plymouth, MN). The Halt™ Protease Inhibitor Cocktail was used
to prepare the samples for western blot (Thermo Scientific). The antibodies used for
western blot were as follows: PPAR-γ antibody (Santa Cruz Biotechnology,
Mississauga, ON), TLR4 antibody (Santa Cruz Biotechnology), β-actin rabbit antibody
(HRP conjugate) (Cell Signaling Technology, Danvers, MA), and HRP conjugated antimouse IgG (Promega, Madison, WI). The Amersham™ ECL Western Blotting Detection
Reagent was used for western blot protein detection (GE Healthcare, Mississauga, ON).
The Aurum™ Total RNA Mini Kit was used for total RNA extraction from the
jejunum (Bio-Rad, Mississauga, ON). Synthesis of cDNA was performed using the HighCapacity cDNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems,
Foster City, CA) and the RT SYBR Green qPCR Master Mix was used for the real-time
reverse transcription polymerase chain reaction (RT-PCR) (SA Biosciences, Frederick,
MD).
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3.2 Animal Study
3.2.1 Animals
The University of Guelph Animal Care Committee approved this animal study
and it was completed in accordance with the Canadian Council on Animal Care Guide
to the Care and Use of Experimental Animals. The Animal Utilization Protocol (AUP)
number for the animal study is AUP3502. Seventy-two female C57BL/6NCrl mice (1516 weeks, 15-22 g; Charles River Laboratories, Montreal, QC) were housed on a 12 h
light/dark cycle at 22-25 °C and 55% ± 15% humidity with unrestrained access to water
and standard mouse chow for the duration of the trial (Teklad 2014 Global 14% protein
mouse maintenance diet, Envigo, Haslett, MI). Mice were housed four per cage in the
Central Animal Facility (CAF) at the University of Guelph (Guelph, ON) throughout the
trial. The mice in each cage were differentiated as mouse one, two, three, or four by
marking their tails weekly with permanent marker.
3.2.2 Experimental Design
Isomaltodextrin was added to autoclaved water at a concentration of 1% (w/v) for
the low dose, 2.5% (w/v) for the medium dose, and 5% (w/v) for the high dose. The 72
mice were randomly divided into six intervention groups, with the negative and positive
control groups each having 16 mice (NC, n=16; PC, n=16), and 12 mice in each of the
low dose (TL), medium dose (TM), and high dose (TH) treatment groups (n=12). There
was also a vehicle control group (TC) with four mice (n=4). The TC group was used at
the endpoint to verify that the treatment did not induce negative effects.
The duration of the animal trial was 16 weeks. Throughout the entirety of the trial
all mice received the standard mouse chow. The NC group received autoclaved water
and the TC group received 5% IMD from week 1 to week 16. The pre-treatment period
lasted from week 1 to 4, during which the mice in the PC, TL, TM, and TH groups
received autoclaved water with no IMD, 1% IMD, 2.5% IMD, and 5% IMD respectively.
During the treatment period, from week 5 to 16, mice in the PC, TL, TM, and TH groups
received 300 g LPS (kg body weight)-1 per day dissolved in autoclaved water with the
same concentration of IMD they had received previously. Treatment with LPS was done
to induce low-grade gut inflammation. A summary of the experimental design is
presented in Figure 3.1.
The water was changed twice weekly to minimize bacterial growth and the
amount of water consumed was recorded in order to calculate the appropriate LPS
dosage. Food consumption was measured weekly beginning in week eight. Body weight
was recorded every two weeks beginning in week one. Feces was collected every two
weeks beginning in week two.
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Pre-treatment
Week

1

2

3

4

Intervention
5

NC
PC

6

7

8

9

10

11

12

13

14

15

16

Autoclaved water
Autoclaved water

LPS in autoclaved water

TC

5% IMD in autoclaved water

TL

1% IMD in
autoclaved water

LPS and 1% IMD in autoclaved water

TM

2.5% IMD in
autoclaved water

LPS and 2.5% IMD in autoclaved water

TH

5% IMD in
autoclaved water

LPS and 5% IMD in autoclaved water

Figure 3.1 Experimental design for the animal trial. Treatment groups are referred to as follows: NC
(negative control), PC (positive control), TC (vehicle control), TL (low treatment dose), TM (medium
treatment dose), and TH (high treatment dose). All mice received Teklad Global 14% mouse maintenance
diet from Envigo for the duration of the trial. Throughout the trial, mice in the NC and PC group received
autoclaved water, while mice in the TL and TM groups received, respectively, 1% and 2.5% IMD in
autoclaved water. Mice in the TC and TH groups received 5% IMD. Following the pre-treatment period,
LPS was added to the drinking water at the beginning of week 5 in a dosage of 300 μg LPS (kg body
weight)-1 day-1 to mice in the PC, TL, TM, and TH groups to induce chronic low-grade inflammation.

3.2.3 Glucose tolerance test
Two mice from each cage, mouse one and two, were selected to undergo the
glucose tolerance test, for a total of 36 mice (8 PC, 8 NC, 6 TL, 6 TM, 6 TH, 2 TC). Six
hours before the test was performed, mice were fasted by removing food from the
cages. Initial blood glucose levels were measured by cutting the tip off the mouse’s tail
and then collecting the drop of blood on a test strip for the Onetouch Ultra2 glucose
meter. Immediately following the initial reading, the mice underwent a glucose gavage
of 150 μL of 2 g glucose (kg body weight) -1 (Sigma) in autoclaved water. Blood glucose
levels were taken for each mouse at 15, 30, 60, and 120 minutes after the glucose
gavage. Immediately following the reading at 120 minutes, mice were euthanized by
CO2 asphyxiation. Results were used to determine glucose tolerance. The area under
the curve (AUC) for each treatment group was calculated using the following formula:
𝒏−𝟏

𝑨𝑼𝑪 = ∑
𝒊=𝟏

(𝒎(𝒊+𝟏) + 𝒎𝒊 ) ∙ 𝒕𝒊
𝟐

where mi represents the individual measurement, in this case blood glucose
concentration, and ti represents the time between individual measurements (Pruessner,
Kirschbaum, Meinlschmid, & Hellhammer, 2003).
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3.2.4 Intestinal permeability test
The intestinal permeability of two mice from each cage, mouse three and four,
was investigated using a D-mannitol test. Mice were fasted six hours before the test.
For the test, the mice each received an oral gavage of 150 μL of 0.6 g/ kg body weight
D-mannitol (Sigma) in autoclaved water. Two hours after the gavage, mice were
euthanized by CO2 asphyxiation and blood was immediately collected from the heart
and stored in EDTA coated tubes before separating the plasma by centrifuge (2500 g, 4
°C for 20 minutes). Plasma concentrations of D-mannitol were determined by
colorimetric assay and used as an index of intestinal permeability.
3.2.5 Plasma collection
Immediately following euthanasia, blood was collected by cardiac puncture and
stored temporarily in EDTA-coated tubes on ice. The tubes were centrifuged (2500 g,
4°C for 20 minutes), then plasma was aspirated into a 1.5 mL screw-cap microtube
(Sarstedt, Nümbrecht, Germany). Plasma samples of the two mice from the same cage
that underwent the same test, glucose tolerance or intestinal permeability, were pooled
together due to the limited volume of plasma available. For example, plasma from
mouse one and two of cage one was pooled together and plasma from mouse three
and four of cage one was pooled together. Plasma was flash-frozen in liquid nitrogen
before being stored at -80 °C for further analysis.
3.2.6 Tissue collection
Abdominal white adipose tissue was collected, weighed, and divided into two 1.5
mL screw-cap microtubes (Sarstedt). One tube was flash frozen in liquid nitrogen before
being stored at -80°C for western blot analysis. The other tube contained 10% formalin,
and the white adipose tissue from this tube was used for immunohistochemical analysis.
The jejunum was collected and stored in RNAlater™ solution (Invitrogen) and at -80°C
for future real-time polymerase chain reaction (RT-PCR) analysis. The liver, kidney,
heart, leg muscle, and brown adipose tissue were also collected, weighed, flash frozen
in liquid nitrogen, and stored at -80°C.

3.3 Enzyme-linked immunosorbent assay
Commercially available ELISA kits were used to measure plasma concentrations
of adiponectin (R&D Systems), TNF-α, and MCP-1 (Invitrogen), according to
manufacturer’s instructions. In brief, 96 well high binding surface microplates (Corning,
Corning, NY) were coated with 100 μL per well of capture antibody diluted in coating
buffer and incubated overnight at 4°C. Following this, plates were washed four times
with phosphate-buffered saline-0.05% Tween 20 (PBST) with the BioTek microplate
washer (BioTek, Winooski, VT). Blocking was performed by incubating the microplate
with 200 μL per well of 1X ELISA diluent at 37°C on an orbital shaker for one hour.
Standards were prepared for each ELISA assay as per manufacturer directions before
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washing the plates four times. The standard ranges were as follows: 15.625-1000.00
pg/mL for TNF-α and MCP-1, and 31.25-2000.00 pg/mL for adiponectin. The diluted
standards or plasma samples were added in duplicate to the designated wells at a
volume of 100 μL per well and incubated for two hours at 37°C with gentle shaking. The
microplates were then washed four times before incubating for one hour at 37°C with
100 μL/well of detection antibody diluted in 1X ELISA diluent. After washing four times,
100 μL of avidin horseradish peroxidase diluted in 1X ELISA diluent was added to each
well and the plate was incubated at 37°C for 30 minutes with gentle shaking. The
microplates were then washed four more times and 100 μL per well of 1X 3,3’,5,5’tetramethylbenzidine (TMB) substrate solution was added before wrapping the plates in
aluminum foil and incubating at 37°C. Once sufficient colour had developed, the TMB
reaction was terminated by adding 50 μL of 2 N sulphuric acid to each well. Finally, the
absorbance was read by a microplate reader (iMark model 550, Bio-Rad) at 450 nm.
Blank absorbances were subtracted and the duplicate standard readings were averaged
to generate a standard curve used to calculate the sample concentration.
Following protein extraction, white adipose tissue adiponectin concentrations
were measured by an ELISA kit (R&D Systems) according to manufacturer’s
instructions, as described above. Feces total IgA concentrations were also measured
after protein extraction using an ELISA kit (eBiosciences), as described above, with a
standard range of 0.78 ng/mL-50 ng/mL. Relative concentrations of endotoxin specific
feces IgA were measured qualitatively by coating the plate with 5 μg/mL of LPS (Sigma)
in coating buffer, then ELISA was performed following manufacturer’s instructions.
White adipose tissue adiponectin, feces IgA, and endotoxin specific feces IgA had
absorbances measured using the Synergy™ H4 Hybrid Multi-Mode Microplate Reader
(BioTek Instruments, Inc., Winooski, VT).
Plasma concentrations of insulin were also calculated using the Ultra Sensitive
Mouse Insulin ELISA Kit (Crystal Chem) according to manufacturer’s instruction. The
standard range was 0.1 ng/mL-6.4 ng/mL and the kit contained microplate wells
precoated with antibody. The samples and standard were added directly to the wells (5
μL of sample or standard in 95 μL of diluent) and incubated for 2 hours at 4°C before
washing five times. An anti-insulin enzyme conjugate was then added to each well (100
μL) and incubated for 30 minutes at room temperature. The plate was washed seven
times and 100 μL/well of substrate was added and allowed to react at room temperature
for 40 minutes before stop solution was added and the absorbance at 450 nm was
measured.

3.4 Endotoxin and D-mannitol assays
Plasma endotoxin concentrations were measured using the Pierce LAL
Chromogenic Endotoxin Quantitation Kit (Thermo Scientific) according to
manufacturer’s instructions. The plate was kept at 37°C in a heating block throughout
the reaction. Standards were diluted according to instructions to give a range of 0.1
EU/mL-1 EU/mL. Standards and samples were added directly to a preheated plate and
incubated for 5 minutes before 50 μL/well of Limulus Amebocyte Lysate (LAL) was
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added. The plate was incubated for 10 minutes, then 100 μL of chromogenic substrate
was added. The reaction was allowed to continue at 37°C until sufficient colour
developed, at which point 50 μL of acetic acid was added to each well and absorbance
was measured at 410 nm by a microplate reader (iMark model 550).
D-mannitol plasma concentrations were measured using the D-Mannitol Assay
Kit (Colorimetric) (Abcam) according to directions. The standard curve had a range of 2
nmol/well- 10 nmol/well. Standards and samples were added to the appropriate wells,
but no parallel sample wells were prepared. Following this, 50 μL of reaction mix was
added to each well and the plate was incubated at 37°C until colour developed.
Absorbance was measured at 450 nm by a microplate reader (iMark model 550).

3.5 Analysis of gene expression by RT-PCR
3.5.1 RNA extraction and purification
Approximately 50 mg of mouse jejunum was weighed into 1.0 mL of TRIzol®
(Invitrogen) and cut into small pieces before being homogenized (Polytron PT 1200,
Kinematica, AG, Luzern, Switzerland) for 1 minute. The homogenized tissue samples
were centrifuged at 12 000 g for 10 minutes at 4°C and 650 μL of the supernatant was
transferred to a fresh tube. The remaining supernatant was placed in an additional tube
and stored at -80°C. Then 130 μL of chloroform was added to 650 μL of supernatant
and shaken for 30 seconds before incubating at room temperature for 3 minutes. The
samples were then centrifuged at 12 000 g for 15 minutes at 4°C and the supernatant
was transferred to a fresh tube. An equal volume of 70% ethanol was added and mixed
by pipetting before transferring the entire solution to a spin column.
The Aurum Total RNA Mini Kit (Bio-Rad) was used for purification of the RNA.
The spin column was centrifuged for 1 minute and the filtrate discarded. Low stringency
wash solution (700 μL) was added, then the column was centrifuged for 1 minute and
the filtrate discarded. Following this, 80 μL of diluted DNase I was added to the column
and incubated for 25 minutes at room temperature. The column was centrifuged for 1
minute and the filtrate discarded before 700 μL of high stringency wash solution was
added and the spin column centrifuged for 1 minute. The filtrate was discarded and 700
μL of low stringency wash solution was added and the column was centrifuged for 1
minute, the filtrate discarded, and the column centrifuged for 1 additional minute. The
spin column was placed in a fresh tube and 60 μL of elution solution heated to 70°C
was added to the column. It was incubated for 1 minute at room temperature before
being centrifuged for 2 minutes.
A spectrophotometer (NanoDrop® ND-1000, Thermo Scientific, Wilmington, DE)
was used to determine the quality and quantity of RNA by measuring absorbance at 260
nm. The A260/A280 ratio was used to verify RNA quality, with a ratio of approximately 2
deemed acceptable.
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3.5.2 cDNA synthesis
Reverse transcription of mRNA to cDNA was carried out using the High-Capacity
cDNA reverse transcription kit (Applied Biosystems) according to manufacturer’s
instructions. RNase inhibitors were added to the reaction and RNA was added to yield a
final concentration of 100 ng/μL in the reaction mix. Thermal cycling was performed on
the MyCycler Thermocylcer (Bio-Rad) under the conditions presented in Table 3.1.
Table 3.1 cDNA synthesis thermal cycling conditions

Settings
Step 1
Step 2
Step 3
Step 4

Temperature (°C)
25
37
85
4

Time (min)
10
120
5


3.5.3 Analysis of gene expression in jejunum
RT-PCR was performed using the RT SYBR Green qPCR Master Mix (SA
Biosciences) on a MyIQ Single Color Real-Time PCR Detection System (Bio-Rad).
Thermal cycling conditions are presented in Table 3.2. The University of Guelph
Laboratory Services Molecular Biology Section (Guelph, ON) synthesized the primers
and primer sequences are presented in Table 3.3. Relative gene expression was
calculated as 2-ΔΔCT using glyceraldehyde-3 phosphate dehydrogenase (GAPDH) as the
reference gene and results were presented as fold expression change relative to the
negative control (NC) group (Livak & Schmittgen, 2001).
Table 3.2 RT-PCR thermal cycling conditions

Step
Denaturation
Annealing
Extension

Temperature (°C)
95
56
72
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Time (s)
15
15
30

Table 3.3 Primer sequences used in this study

Mouse
gene
GAPDH

AACTTTGGCATTGTGGAAGG

GGATGCAGGGATGATGTTCT

Claudin 2

GGCTGTTAGGCACATCCAT

TGGCACCAACATAGGAACTC

Claudin 3

AAGCCGAATGGACAAAGAA

CTGGCAAGTAGCTGCAGTG

Claudin 4

CGCTACTCTTGCCATTACG

ACTCAGCACACCATGACTTG

Occludin

AAGTCAACACCTCTGGTGCC

TCATAGTGGTCAGGGTCCGT

JAM-A

ACCCTCCCTCCTTTCCTTAC

CTAGGACTCTTGCCCAATCC

ZO-1

AGGACACCAAAGCATGTGAG

GGCATTCCTGCTGGTTACA

Mucin 2

CGACACCAGGGATTTCGCTTAAT

CACTTCCACCCTCCCGGCAAAC

Mucin 4

CTCCAAGAAATGTAGTGGCTTTCAG

CACGGTCTTGGGCTGGAGTA

Forward primer sequence (5’-3’)

Reverse Primer Sequence (5’-3’)

3.6 Protein extraction
Protein extraction from white adipose tissue was performed using the Minute™
Total Protein Extraction kit for Adipose Tissue (Invent) according to manufacturer’s
directions. Adipose tissue was thawed, and the oil was patted out with layers of Kim
wipes before weighing 100 mg into a microfuge tube and adding 100 mg of extraction
powder directly on top of the tissue. A 100X dilution of protease inhibitor in extraction
buffer A was prepared and 50 μL of this solution was added to the adipose tissue. The
tissue was ground with a pestle for two minutes before an additional 200 μL of the
extraction buffer/ protease solution was added and the tissue was ground for another 30
seconds. The tissue lysates were centrifuged for one minute at 380 g and the
supernatant was transferred to a filter cartridge. The lysate in filter cartridge was
incubated at -20°C for 20 minutes with the cap open before being centrifuged at 380 g
for two minutes. The protein concentration was measured using the DC Protein Assay
(Bio-Rad) and samples were diluted to 4 mg/mL. An equal volume of Laemmli 2X
sample buffer was added and each sample was centrifuged at 2375 g for two minutes
before heating at 95°C for five minutes. Samples were finally centrifuged at 16 000 g for
one minute and stored at -80°C for western blot.
Protein was extracted from feces collected during week 2 and 16 of the trial.
Approximately 100 mg of feces was weighed out and 700 μL of PBS was added. Feces
was homogenized in the PBS using a homogenizer (Polytron PT 1200, Kinematica),
then centrifuged at 13 684 g for 25 minutes at 4°C. The supernatant was then
transferred to a fresh tube for later analysis by ELISA.
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3.7 Western blot
Extracted protein from the white adipose tissue samples were added to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels consisting of 10%
resolving gel and 4% stacking gel. For the detection of PPAR-γ and TLR-4 20 μg of
protein was added to each lane. Samples were separated at 50 V for 30 minutes
followed by 100 V for two hours. Immediately following this, samples were transferred
from the SDS-PAGE gel to a nitrocellulose membrane (Bio-Rad) at 100 V for 90
minutes using the wet electrotransfer method. Membrane blocking was performed with
3% bovine serum albumin (BSA) (Thermo Scientific) in 1X Tris-buffered saline with
0.1% Tween 20 (TBST) for 90 minutes at room temperature with gentle shaking. The
membranes were then incubated overnight at 4°C with the primary antibodies diluted in
3% BSA in TBST, which were PPAR-γ (1:500 (v/v) dilution) or TLR-4 (1:200 (v/v)
dilution) (Santa Cruz Biotechnology). The next morning, membranes were washed 5
times, 5 minutes each, and incubated with the secondary antibody diluted in 3% BSA in
TBST (1:2000 (v/v) diluted anti-mouse for PPAR-γ and TLR-4 (Promega) for one hour at
room temperature with gentle shaking. The membranes were washed 5 times, 5
minutes each, once more, and then detection was performed using ECL detection
reagent (GE Health) according to manufacturer instruction. Imaging was performed
using the Chemi Genius 2 Bio Imaging System (Syngene, Frederick, MD).
Membranes were then stripped using the following protocol: washed in mild
stripping buffer twice for 8 minutes each time, washed in PBS twice for 10 minutes each
time, and washed in TBST twice for 5 minutes each time. The membranes were then
blocked in 3% BSA in TBST for 90 minutes and incubated overnight at 4°C with the
HRP-conjugated β-actin antibody diluted 1:1000 (v/v) (Cell Signaling) in 3% BSA in
TBST. All membranes incubated with the β-actin antibody were washed 5 times for 5
minutes the next morning before detection and imaging were performed as before.
Protein concentrations were semi-quantified using Image J software (Image Processing
and Analysis in Java, National Institute of Health) by calculating relative densities of the
protein bands.

3.8 Immunohistochemical analysis
White adipose tissue intended for immunohistochemical analysis was stored in
10% formalin for fixation. Fixed samples were embedded in paraffin by
histotechnologists in the Department of Pathobiology, University of Guelph following the
formalin fixation and paraffin embedding (FFPE) protocol. Following paraffin
embedding, sections of paraffin infiltrated tissue were deparaffinized in xylene and
rehydrated in ethanol. The deparaffinized tissue samples were immersed in antigen
retrieval buffer pre-heated to 95°C for 10 minutes before being washed in PBS 3 times
for 5 minutes each. Tissue samples were blocked with 5% BSA in PBST at 37°C for 30
minutes, then incubated for 1 hour at room temperature with F4/80 antibody (Santa
Cruz Biotechnology) diluted 1:1000 (v/v) in 5% BSA in PBST. Following this, samples
were washed, as before, before incubating 1 hour at room temperature in secondary
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antibody diluted 1:1000 (v/v) in 5% BSA in PBST. Samples were washed once more
before staining with 3,3’-diaminobenzidine. They were then counterstained with
hematoxylin, dehydrated, and mounted (Crosby, Simendinger, Grange, Ferrante, &
Standen, 2017).
Images of the slides were captured using a light microscope (Olympus Life
Sciences, Toronto, Canada). The total number of adipocytes and adipocytes with the
crown-like structure of macrophage infiltration were counted for each slide and the
percentage of adipocytes with macrophage infiltration were calculated.

3.9 Statistical analysis
Results are presented as mean values ± SEM (standard error of the mean). Data
were analyzed using one-way analysis of variance (ANOVA) followed by one-tailed,
unpaired Student’s t-tests if two groups were compared or Tukey’s multiple-comparison
test if more than two groups were compared (GraphPad Prism version 5.0, La Jolla,
CA). Differences were considered significant if p-value < 0.05.

4 Results
4.1 Basic physiological measures obtained from mice during the trial
The average water consumption (mL mouse-1 day-1), food consumption (g
mouse day-1), and body weight (g) measured throughout the trial are presented in
Table 4.1 as mean ± SEM. There were no significant differences between the negative
control (NC), positive control (PC), or the three treatment groups (TL, TM, TH). The
weight of tissues collected at the endpoint are summarized in Table 4.2 as mean ±
SEM. There were no significant differences in any of the tissue weights between
groups.
-1
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Table 4.1 Water consumption, food consumption and body weight measured throughout the animal trial, presented as mean ± SEM

1
2
3
4
Water Consumption (mL/mouse/day)

5

6

7

Week
8

9

10

11

12

13

14

15

NC

3.31 ±
0.14

3.45 ±
0.13

3.15 ±
0.15

3.25 ±
0.13

3.15 ±
0.09

3.15 ±
0.09

3.55 ±
0.17

3.38 ±
0.17

3.12 ±
0.11

3.32 ±
0.11

3.32 ±
0.25

3.05 ±
0.03

3.15 ±
0.10

3.42 ±
0.08

3.35 ±
0.35

PC

3.33 ±
0.13

3.06 ±
0.09

2.85 ±
0.25

2.92 ±
0.14

2.92 ±
0.16

2.95 ±
0.18

3.02 ±
0.19

2.98 ±
0.11

2.72 ±
0.16

3.05 ±
0.14

3.35 ±
0.09

2.85 ±
0.19

2.95 ±
0.18

3.12 ±
0.14

3.25 ±
0.05

TL

3.10 ±
0.00

3.03 ±
0.03

2.80 ±
0.15

3.13 ±
0.10

3.10 ±
0.07

3.17 ±
0.10

3.28 ±
0.11

3.05 ±
0.04

3.03 ±
0.10

3.30 ±
0.10

3.35 ±
0.17

3.07 ±
0.06

3.22 ±
0.06

3.18 ±
0.22

3.40 ±
0.10

TM

3.23 ±
0.09

3.23 ±
0.24

3.27 ±
0.24

3.25 ±
0.11

3.40 ±
0.12

3.23 ±
0.10

3.63 ±
0.37

3.13 ±
0.08

3.08 ±
0.06

3.22 ±
0.06

3.38 ±
0.22

3.12 ±
0.06

3.15 ±
0.06

3.13 ±
0.14

3.27 ±
0.17

TH

3.33 ±
0.13

3.17 ±
0.19

3.34 ±
0.33

3.35 ±
0.16

3.38 ±
0.25

3.28 ±
0.25

3.37 ±
0.19

3.37 ±
0.22

3.30 ±
0.16

3.20 ±
0.11

3.47 ±
0.28

3.30 ±
0.193

3.23 ±
0.16

3.40 ±
0.25

3.70 ±
0.42

NC

3.30 ±
0.10

3.25 ±
0.05

3.30 ±
0.00

3.25 ±
0.05

3.40 ±
0.00

3.25 ±
0.15

3.45 ±
0.05

3.30 ±
0.00

3.05 ±
0.15

PC

3.10 ±
0.10

3.15 ±
0.05

2.95 ±
0.15

3.05 ±
0.15

3.325
± 0.08

3.30 ±
0.20

3.15 ±
0.35

2.90 ±
0.10

3.10 ±
0.10

TL

3.20 ±
0.32

3.37 ±
0.12

3.23 ±
0.03

3.30 ±
0.12

3.40 ±
0.07

3.37 ±
0.07

3.47 ±
0.03

3.30 ±
0.12

3.10 ±
0.12

TM

3.10 ±
0.17

3.17 ±
0.03

3.07 ±
0.07

3.13 ±
0.14

3.07 ±
0.03

3.17 ±
0.09

3.33 ±
0.19

3.13 ±
0.13

2.80 ±
0.10

TH

2.97 ±
0.09

2.93 ±
0.09

3.00 ±
0.06

3.07 ±
0.07

2.95 ±
0.10

3.10 ±
0.06

3.10 ±
0.12

2.83 ±
0.03

2.83 ±
0.09

Food Consumption (g/mouse/day)
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1
2
Body Weight (g)

3

4

5

6

7

Week
8

9

10

11

12

13

14

15

NC

21.05 ± 0.51

22.89 ± 0.53

23.26 ± 0.49

23.75 ± 0.53

23.92 ± 0.77

24.60 ± 0.74

25.10
± 0.72

PC

20.85 ± 0.30

22.31 ± 0.31

22.51 ± 0.28

23.49 ± 0.30

22.59 ± 0.29

23.55 ± 0.57

24.48
± 0.42

TL

21.19 ± 0.27

22.42 ± 0.24

23.04 ± 0.22

23.54 ± 0.24

23.58 ± 0.29

24.45 ± 0.29

24.66
± 0.28

TM

21.28 ± 0.30

22.92 ± 0.30

23.68 ± 0.43

24.50 ± 0.40

23.92 ± 0.49

25.45 ± 0.46

25.45
± 0.37

TH

21.69 ± 0.39

23.15 ± 0.40

23.55 ± 0.46

24.20 ± 0.45

24.16 ± 0.50

25.53 ± 0.55

25.55
± 0.60

Table 4.2 Weight of tissues collected at euthanasia presented as mean ± SEM

Brown Adipose
Tissue (g)
0.059 ± 0.004

Kidney (g)

Liver (g)

Leg Muscle (g)

Heart (g)

NC

White Adipose
Tissue (g)
0.920 ± 0.065

0.291 ± 0.007

1.137 ± 0.034

1.695 ± 0.049

0.132 ± 0.003

PC

0.999 ± 0.108

0.065 ± 0.003

0.273 ± 0.005

1.086 ± 0.027

1.719 ± 0.029

0.130 ± 0.003

TL

0.862 ± 0.111

0.066 ± 0.005

0.301 ± 0.009

1.106 ± 0.035

1.763 ± 0.083

0.133 ± 0.002

TM

1.045 ± 0.084

0.062 ± 0.004

0.294 ± 0.005

1.147 ± 0.031

1.811 ± 0.069

0.124 ± 0.004

TH

1.154 ± 0.155

0.065 ±0.005

0.292 ± 0.006

1.171 ± 0.035

1.776 ± 0.030

0.127 ± 0.002

39

4.2 The effect of IMD on plasma levels of proinflammatory mediators
Due to a limited quantity of plasma, samples were pooled between two mice from
the same cage. Therefore, NC and PC each had 8 samples, TL, TM, and TH had 6
samples each, and TC had 2 samples. Oral administration of LPS was performed to
induce intestinal inflammation and low-grade chronic systemic inflammation, and
plasma concentrations of proinflammatory mediators was measured by ELISA. The
plasma concentration of TNF-α for the PC group (33.37 ± 7.33 pg/mL) was not
significantly different from that of the NC group (27.49 ± 6.76 pg/mL), the TM group
(19.38 ± 2.00 pg/mL), or the TH group (19.94 ± 2.21 pg/mL) (Figure 4.1). The TNF-α
plasma concentration for the TL group (16.50 ± 1.06 pg/mL) was significantly lower than
that of the PC group (p=0.037). There appeared to be a trend toward the PC group
having higher levels of TNF-α; however, this did not reach significance, indicating that
there was no dose-dependent effect. Plasma concentrations of MCP-1 were not
significantly different from the PC group (362.3 ± 55.4 pg/mL) for the NC group (277.5 ±
24.3 pg/mL) or the TM group (244.6 ± 7.6 pg/mL), but the TL group (235.5 ± 7.2 pg/mL,
p=0.037) and the TH group (234.5 ± 2.4 pg/mL, p=0.036) were significantly lower
relative to the PC group (Figure 4.1). Once again, the other groups demonstrated a
trend of a decreased MCP-1 concentration compared to the PC group, but this did not
reach significance, again demonstrating a lack of dose-dependent results. There was no
significant difference between the TC group and NC group for TNF-α or MCP-1 (data
not shown).
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Figure 4.1 Effect of IMD on proinflammatory cytokine expression in the plasma of mice with LPS-induced
chronic inflammation. Protein expression of TNF-α and MCP-1 was measured by ELISA. Results are
expressed as means ± SEM of n=8 samples for NC and PC, and n=6 samples for TL, TM, and TH.
Differences in means were considered statistically significant for p<0.05. * p<0.05 relative to PC.

4.3 The effect of IMD on plasma concentrations of adiponectin
Plasma concentrations of adiponectin were measured using ELISA. The
concentration of adiponectin was significantly decreased for the PC group (2.165 ±
0.134 ng/mL) relative to the NC group (4.505 ± 0.035 ng/mL, p < 0.0001), TL group
(6.004 ± 0.018 ng/mL, p < 0.001), TM group (6.109 ± 0.048 ng/mL, p < 0.001), and TH
group (6.256 ± 0.048 ng/mL, p < 0.001) when compared by Tukey’s multiple means
comparison (Figure 4.2). There were no significant differences between the TC and NC
groups for adiponectin levels (data not shown).
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Figure 4.2 Effect of IMD on expression of adiponectin in plasma of mice with LPS-induced chronic
inflammation. The expression of adiponectin was measured by ELISA. Results are expressed as means ±
SEM of n=4 samples for NC and PC, and n=6 samples for TL, TM, and TH. Differences in means were
considered statistically significant for p<0.05. *** p<0.001 relative to PC.

4.4 Effect of IMD on endotoxin
4.4.1 Plasma endotoxin concentration
The Pierce LAL chromogenic endotoxin quantitation kit was used to measure
plasma concentrations of endotoxin. Endotoxin levels were significantly increased for
the PC group (0.6177 ± 0.0913 EU/mL) relative to the NC group (0.2063 ± 0.0309
EU/mL, p < 0.01). There was a significant decrease in the plasma concentrations of
endotoxin for the TL group (0.2987 ± 0.0534 EU/mL, p < 0.05) and the TM group
(0.2777 ± 0.0783 EU/mL, p < 0.05) relative to the PC group, but the TH group (0.4588 ±
0.0883 EU/mL) was not significantly different when compared by Tukey’s multiple
means comparison (Figure 4.3).
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Figure 4.3 Effect of IMD on levels of endotoxin in plasma of mice with LPS-induced chronic inflammation.
Concentrations of endotoxin were measured by Pierce LAL chromogenic endotoxin quantitation kit
(Thermo Scientific). Results are expressed as means ± SEM of n=4 samples for NC and PC, and n=6
samples for TL, TM, and TH. Differences in means were considered statistically significant for p<0.05. *
p<0.05, ** p<0.01 relative to PC.

4.4.2 Fecal endotoxin specific IgA levels
Fecal endotoxin specific IgA levels were measured by ELISA and the resulting
absorbances were analyzed by two-way ANOVA with the two variables being time and
treatment. Effects were considered significant for p<0.05. There was no significant
interaction effect (p = 0.2658), and the different treatments did not have a significant
effect on the results (p=0.0514). The week did have a significant effect on the results
(p=0.0062) and for the treatment groups administered LPS (PC, TL, TM, TH) endotoxin
specific IgA levels appeared to increase (Figure 4.4). Bonferroni post-tests were used to
determine if any groups differed from the PC group. There were no significant
differences between groups for feces collected during week 2 of the experiment;
however, for week 16 the PC group (0.387 ± 0.026) was significantly different from the
NC group (0.179 ± 0.005, p < 0.05), the TM group (0.202 ± 0.052, p < 0.05), and the TH
group (0.193 ± 0.089, p < 0.05). The PC group and TL group (0.301 ± 0.033) were not
significantly different. Total fecal IgA levels were also measured and there were no
significant differences between groups (data not shown).
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Figure 4.4 Effect of IMD on relative levels of endotoxin specific IgA in feces of mice with LPS-induced
chronic inflammation, as determined by ELISA. Results are expressed as means ± SEM of n=2 samples
for NC and PC, and n=3 samples for TL, TM, and TH. Differences in means were considered statistically
significant for p<0.05. * p<0.05 relative to PC for the same week.

4.5 Effect of IMD on expression of tight junction proteins and mucin
The expression of tight junction proteins and mucin relative to GAPDH were
measured by RT-PCR and means were analyzed by one-way ANOVA. The NC group
(1.003 ± 0.024) had significantly higher expression of claudin 3 than the PC group
(0.6433 ± 0.0701, p < 0.05), although the TL group (0.7000 ± 0.0955) and the TM group
(0.6550 ± 0.1090) were not significantly different from the PC group. For claudin 4, the
TM group (1.642 ± 0.363) had significantly higher expression than the PC group (0.5400
± 0.1193, p < 0.05), while the NC group (1.095 ± 0.238) and TL group (0.7817 ± 0.1571)
were not significantly different from the PC group. For both mucin 2 and mucin 4, the TL
group (1.913 ± 0.248 and 1.777 ± 0.397, respectively) had significantly higher
expression than the PC group (0.5750 ± 0.1197, p < 0.001, and 0.7533 ± 0.0466. p <
0.05, respectively). Neither the NC group, nor the TM group were significantly different
from the PC group for both mucin 2 (NC 1.015 ± 0.087; TM 0.7700 ± 0.2208) and mucin
4 (NC 1.032 ± 0.119; TM 0.5583 ± 0.0754). There were no significant differences
between the PC group and other treatment groups for claudin 2, JAM-A, or ZO-1 (data
not shown).
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Figure 4.5 Effect of IMD on expression of tight junction proteins Claudin 3 and Claudin 4, as well as
Mucin 2 and Mucin 4 relative to GAPDH, as determined by RT-PCR. Results are expressed as mean ±
SEM for n=6 samples for each group. Differences between means was considered significant for p<0.05.
*p<0.05, ***p<0.001 relative to PC.

4.6 Effect of IMD on white adipose tissue
4.6.1 PPAR-γ expression
Western blot was used to measure expression of PPAR-γ relative to β-actin in
white adipose tissue of C57BL/6NCrl mice with LPS-induced chronic inflammation.
There were no significant differences in means of the NC (2.620 ± 0.424), TL (3.437 ±
0.723), or TM (3.421 ± 0.578) groups relative to the PC group (2.894 ± 0.417),
potentially due to the high standard error of the mean (Figure 4.6).
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Figure 4.6 Effect of IMD on PPAR-γ expression in white adipose tissue of mice with LPS-induced chronic
inflammation, as determined by western blot. Results are expressed as mean ± SEM for n=6 samples per
group. Differences in means were considered statistically significant for p<0.05.

4.6.2 Macrophage infiltration
Immunohistochemistry with F4/80 antibody was used to detect macrophage
infiltration of adipose tissue. Macrophage infiltration appears as a brown crown-like
structure surrounding adipocytes (Figure 4.7). The percentage of adipocytes with
macrophage infiltration was determined (Figure 4.8). There was a significant increase in
the percent infiltration in the PC group (6.375 ± 0.728 %) relative to the NC group (2.016
± 0.499 %, p < 0.001). Relative to the PC group, percent infiltration was decreased in
the TM group (2.832 ± 0.620 %, p < 0.001) and the TH group (3.914 ± 0.572 %, p <
0.05) as determined by Tukey’s multiple means comparison following one-way ANOVA.
Slides were not prepared for the TL group.
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Figure 4.7 F4/80 stained immune-histochemical images of white adipose tissue. The black arrow
indicates an adipocyte, while the red arrow indicates the brown-stained crown-like structure of the site of
macrophage infiltration. For PC, n=6 samples, and for NC, TM, and TH, n=4 samples had slides made.
Six pictures were taken of each slide.
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Figure 4.8 Percentage of adipocytes with macrophage infiltration in adipose tissue of mice with LPSinduced chronic inflammation, as determined by F4/80 staining. Results are expressed as means ± SEM.
Differences in means were considered statistically significant when p<0.05. * p<0.05, ***p<0.001 relative
to PC.

4.6.3 TLR4 expression
Western blot was used to measure expression of TLR4 relative to β-actin in white
adipose tissue of mice with LPS-induced chronic inflammation. There were no
significant differences between means of the NC group (1.140 ± 0.240), PC group
(1.063 ± 0.145), TL group (1.226 ± 0.117), or TM group (1.108 ± 0.184) (Figure 4.9).
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Figure 4.9 Effect of IMD on TLR4 expression in white adipose tissue of mice with LPS-induced chronic
inflammation, as determined by western blot. Results are expressed as mean ± SEM for n = 6 samples
per group. Differences in means were considered statistically significant for p<0.05.

4.7 Effect of IMD on insulin resistance
4.7.1 Plasma insulin concentration
Plasma insulin concentration was measured for the mice that underwent the
glucose tolerance test. Plasma from the two mice of each cage was pooled, so the
plasma sample size was 2 for NC and PC and 3 for TL, TM, and TH. There were no
significant differences between the NC (693.0 ± 241.0 pg/mL), PC (683.0 ± 164.0
pg/mL), TL (612.7 ± 78.52 pg/mL), TM (670.0 ± 136.9 pg/mL), or TH (561.0 ± 42.44
pg/mL) groups (Figure 4.10).
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Figure 4.10 Effect of IMD on insulin concentration in the plasma of mice with LPS-induced chronic
inflammation, as measured by ELISA. Results are expressed as means ± SEM of n=2 samples for NC
and PC, and n=3 samples for TL, TM, and TH. Differences in means were considered statistically
significant for p<0.05.

4.7.2 Glucose tolerance test
Two mice from each cage underwent a glucose tolerance test and had blood
glucose levels measured at baseline and 15, 30, 60, and 120 minutes following a
glucose gavage (Figure 4.11). At baseline, glucose concentrations were very similar
between groups, at approximately 5 mmol/L. The glucose concentrations showed more
variability when measured at 15 minutes, with the TM group (14.750 ± 0.959 mmol/L)
having the lowest glucose level, followed by NC (16.108 ± 1.190 mmol/L). The TL
treatment group (19.467 ± 0.958 mmol/L) had the highest blood glucose concentration,
closely followed by the TH group (18.067 ± 1.560 mmol/L) and the PC group (17.433 ±
0.509 mmol/L). The blood glucose concentrations for most of the treatment groups was
around 13 mmol/L at 30 minutes following the gavage, although the PC treatment group
had the highest glucose level at 14.800 ± 1.049 mmol/L. Following this, the blood
glucose levels for all treatment levels once again converged, with approximately 8
mmol/L at 60 minutes and 6 mmol/L at 120 minutes following the gavage. The AUC for
the glucose tolerance tests was used to compare the glucose tolerance for each
treatment groups (Figure 4.12). There were no statistically significant differences
between any of the treatment groups, as determined by Tukey’s multiple means
comparison.
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Figure 4.11 Effect of IMD on blood glucose levels of mice with LPS-induced chronic inflammation
measured at baseline and periodically following a 2 g glucose (kg body weight)-1 gavage, as measured
with a glucose meter.
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Figure 4.12 The effect of IMD on the area under the curve for blood glucose concentration. Results are
presented as means ± SEM for n=6 samples for each group. Differences in means were considered
statistically significant when p < 0.05.

4.8 Effect of IMD on intestinal permeability
Plasma samples for the two mice from each cage that underwent the D-mannitol
gavage were used to determine D-mannitol concentrations. The NC group (125.00 ±
1.40 nmol/mL) had a significantly lower D-mannitol concentration than the PC group
(216.80 ± 6.66 nmol/mL, p < 0.01) (Figure 4.13). The treatment groups TL (221.0 ± 31.9
nmol/mL), TM (199.4 ± 33.2 nmol/mL), and TH (231.4 ± 58.32 nmol/mL) were not
significantly different from the PC group.
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Figure 4.13 Effect of IMD on D-mannitol concentration in the plasma of mice with LPS-induced chronic
inflammation, as measured by colorimetric assay. Results are expressed as means ± SEM of n=2
samples for NC and PC, and n=3 samples for TL, TM, and TH. Differences in means were considered
statistically significant for p<0.05. ** p<0.01 relative to PC.

5 Discussion
The first objective of this study was to determine if IMD could exert an antiinflammatory effect in C57BL/6NCrl mice with LPS-induced low-grade chronic
inflammation, as well as to elucidate the potential mechanism of action and evaluate the
effectiveness of IMD at preventing inflammation-induced metabolic disorders. To induce
inflammation, LPS was administered at a dosage of 300 μg (kg body weight day) -1
because LPS is a common PAMP capable of activating the NF-κB pathway. The NF-κB
pathway is an important mediator of inflammation, as translocation of NF-κB to the
nucleus can induce the expression of various proinflammatory mediators, including
MCP-1, TNF-α, and IL-6 (T. Liu et al., 2017; Lucas & Maes, 2013; Mantovani et al.,
2004; Moynagh, 2005).
The effectiveness of IMD at preventing LPS-induced inflammation was evaluated
by measuring concentrations of inflammatory mediators in the plasma collected from
mice by cardiac puncture following euthanasia. Plasma levels of the proinflammatory
cytokine TNF-α were measured by ELISA and it was found that mice administered LPS
along with 1% IMD had significantly lowered plasma concentrations of TNF-α relative to
the group with administration of LPS alone (Figure 4.1). The groups treated with 2.5%
and 5% IMD also demonstrated a tendency toward lower plasma concentrations of
TNF-α; however, this did not reach significance, indicating that treatment with IMD did
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not induce a dose-dependent response. This suppression of TNF-α levels agrees with a
previous study during which the effect of IMD on a DSS-induced mouse model of colitis
was investigated. The study found that administration of IMD in addition to DSS
significantly lowered colon levels of TNF-α compared to mice administered DSS alone
(Majumder et al., 2017). TNF-α is a potent proinflammatory cytokine, as it can activate
the NF-κB pathway, which induces the production of additional proinflammatory
cytokines (T. Liu et al., 2017; Lucas & Maes, 2013; Mantovani et al., 2004; Moynagh,
2005). Additionally, high levels of TNF-α promotes the classical activation pathway for
macrophages, yielding a higher ratio of M1 macrophages and contributing to the
production of more proinflammatory mediators, including IL-1, IL-6, and even additional
TNF-α (Martinez & Gordon, 2014; Wright, 1997). Plasma concentrations of MCP-1 were
also measured by ELISA in the present study and mice treated with 1% IMD and 5%
IMD in addition to LPS had significantly lower levels of MCP-1 relative to mice treated
with LPS alone (Figure 4.1). As with TNF-α levels, mice treated with 2.5% IMD with LPS
also tended to have lower plasma concentrations of MCP-1, but this did not reach
significance. MCP-1 is a chemokine that induces migration of monocytes and
lymphocytes to areas of inflammation, and is another proinflammatory mediator (Wright,
1997).
The concentration of adiponectin in mouse plasma was also measured by ELISA.
Adiponectin is produced by adipocytes and can exert an anti-inflammatory effect
(Villarreal-Molina & Antuna-Puente, 2012). High levels of adiponectin are associated
with decreased expression of proinflammatory mediators such as TNF-α, IL-6, and
MCP-1, and increased expression of the anti-inflammatory cytokine IL-10 (VillarrealMolina & Antuna-Puente, 2012; Wright, 1997). Adiponectin can also inhibit the NF-κB
pathway and enhance the expression of PPAR-γ2, which can suppress the
transactivational ability of NF-κB (Villarreal-Molina & Antuna-Puente, 2012). In the
current study, plasma concentrations of adiponectin were significantly increased in mice
that received 1%, 2.5%, and 5% IMD in addition to LPS relative to mice that received
LPS alone (Figure 4.2). The decrease in plasma concentrations of proinflammatory
mediators TNF-α and MCP-1, along with the increase of the anti-inflammatory mediator
adiponectin in mice administered IMD strongly suggests that this treatment may be
capable of exerting an anti-inflammatory effect on C57BL/6NCrl mice with LPS-induced
low-grade chronic inflammation.
The second objective of this study was to investigate the mechanism of action
that IMD uses to provide an anti-inflammatory effect. The effect of IMD on plasma
concentrations of endotoxin was investigated. Endotoxin, or LPS, can interact with
TLR4 to directly activate the NF-κB pathway and increase expression of
proinflammatory mediators such as TNF-α, IL-6, and MCP-1 (Lu et al., 2008; Mantovani
et al., 2004). Increased circulating levels of endotoxin, potentially due to increased
bacterial endotoxin translocation caused by a loss of intestinal barrier integrity or
exogenous administration of LPS, could therefore promote inflammation. It was found
that plasma concentrations of endotoxin were significantly decreased in mice treated
with 1% IMD or 2.5% IMD with LPS relative to those receiving LPS alone (Figure 4.3).
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This decrease in plasma endotoxin levels may be one of the anti-inflammatory
mechanisms of action of IMD.
The relative levels of endotoxin specific IgA in the feces of mice was determined
for feces collected during week 2 and week 16 of the trial. Endotoxin specific IgA levels
were increased in week 16 relative to week 2 for all groups treated with LPS, indicating
that the mice were exerting an immune response against endotoxin in the intestines.
For week 16, levels of endotoxin specific IgA were significantly lower in groups receiving
2.5% or 5% IMD and LPS relative to the group treated with LPS alone (Figure 4.4). This
may indicate that treatment with IMD suppressed the intestinal immune response to
LPS, which may reduce inflammation; however, levels of endotoxin specific IgA tended
to be lower in the groups receiving 2.5% and 5% IMD during week 2 as well, which may
have contributed to the significant difference in week 16.
Feces samples from week 0 and week 16 of the current trial were previously
analyzed for bacterial composition and for SCFA content (Zong, 2017). There was a
significant increase in the relative population of Bifidobacterium bifidum, Bacteroides
fragilis, and Lactobacillus casei and a significant decrease in the relative population of
Escherichia coli and Clostridium difficile in all groups treated with IMD and LPS
compared to groups receiving LPS alone in week 16 but not in week 0 (Zong, 2017). C.
difficile and E. coli are typically harmful to the host, while Lactobacillus and
Bifidobacterium generally considered to be beneficial and are frequent targets of both
probiotic and prebiotic treatment (Quigley, 2011). Bifidobacterium have also been
shown to improve intestinal barrier function (Cani et al., 2009; Wasilewski et al., 2015).
Furthermore, acetic acid and butyric acid levels were significantly increased in week 16
for mice receiving 2.5% IMD and LPS compared to mice receiving LPS alone (Zong,
2017). Butyric acid is an important energy source for colonocytes, inhibits the
expression of proinflammatory mediators, and may inhibit the NF-κB pathway (Valcheva
& Dieleman, 2016; Vinolo et al., 2011). It has also been demonstrated that treatment
with acetate reduced production of TNF-α by LPS-stimulated neutrophils and IL-6
production by colon organ cultures with DSS-induced inflammation (Tedelind,
Westberg, Kjerrulf, & Vidal, 2007). Acetate and butyrate have also been shown to dose
dependently reduce the activity of NF-κB in TNF-α-stimulated cells (Tedelind et al.,
2007). Therefore, treatment with IMD could exert an anti-inflammatory effect in this
manner.
The expression of PPAR-γ is enhanced by adiponectin and suppressed by LPS
via activation of TNF-α (Villarreal-Molina & Antuna-Puente, 2012; Zhou, Wu, Dong,
Jacob, & Wang, 2008). Because endotoxin levels were decreased, and adiponectin
levels increased in mice treated with IMD and LPS in the present study, expression of
PPAR-γ might be expected to increase and was accordingly measured by western blot
in white adipose tissue. There were no statistically significant differences between the
treatment groups, although the groups administered IMD and LPS showed a slight
tendency toward increased expression of PPAR-γ (Figure 4.7). The lack of significance
may be due to large standard error although it may also indicate that the
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anti-inflammatory mechanism of action of IMD may lie elsewhere. The large standard
error could be due to natural variation between the mice, which can occur despite being
from the same strain. Furthermore, it may be possible that the positioning of the cages
in the room could impact the mice due to different levels of air flow or other variables
that were not controlled for. In the future, the experiment could use blocking to detect if
there is a significant impact of cage location. Finally, the bands for PPAR-γ were quite
thick and had seemed to have lower resolution than for other western blots, which may
have yielded additional variability during analysis.
Previous studies have also found that resistant starches can modulate
expression of toll-like receptors, and in this way lower the expression of proinflammatory
cytokines (Bermudez-Brito, Rösch, Schols, Faas, & de Vos, 2015; Haenen et al., 2013).
A previous study by Majumder et al. in a DSS-induced mouse model of colitis treated
with IMD found evidence that treatment with IMD in conjunction with DSS could
decrease the expression of TLR4 compared to treatment with DSS alone (Majumder et
al., 2017). The expression of TLR4 in the white adipose tissue was examined by
western blot in the present study. There were no statistically significant differences
between any of the treatment groups for TLR4 expression (Figure 4.9). This does not
discount the theory that IMD can modulate expression of TLR4, however, as the study
by Majumder et al. yielded a mean expression of TLR4 in the DSS only treatment group
that was approximately twice the level of the group receiving water alone. Treatment
with 5% IMD and DSS brought the level of expression of TLR4 back to levels similar to
the water only group (Majumder et al., 2017). In the present study, the group receiving
LPS alone did not demonstrate any increase in expression of TLR4 relative to the group
receiving water, which suggests that the current model of low-grade inflammation may
have been insufficient to induce an increase in TLR4 expression. Therefore, in the
current trial TLR4 expression is not a likely mechanism for IMD to exert an antiinflammatory effect.
Macrophage infiltration of white adipose tissue was determined by F4/80
staining. Macrophage infiltration is promoted by a high concentration of MCP-1 in white
adipose tissue, which recruits monocytes from circulation to the adipose tissue, where
they differentiate into M1 macrophages (Coelho et al., 2013; Greenberg & Obin, 2006;
Kanda et al., 2006; Lumeng, Bodzin, et al., 2007; Lumeng, DeYoung, et al., 2007).
Macrophages in white adipose tissue are responsible for much of the proinflammatory
cytokines produced by that tissue, including TNF-α and IL-6, so increased infiltration of
macrophages into white adipose tissue would also promote inflammation (Coelho et al.,
2013; Weisberg et al., 2003). In the present study, mice from groups treated with 2.5%
and 5% IMD in conjunction with LPS had a significantly lower percentage of adipocytes
with macrophage infiltration compared to the group receiving LPS alone (Figure 4.8).
This provides a potential mechanism for the reduction of proinflammatory cytokines and
anti-inflammatory effect of IMD because fewer macrophages infiltrating the white
adipose tissue would reduce the secretion of proinflammatory cytokines, such as TNFα.
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The mucus layer in the intestines is a first line of defense against pathogens in
the gastrointestinal tract. It consists mostly of mucins, which are glycoproteins located
on the apical side of mucosal epithelial cells or secreted by goblet cells (Deplancke &
Gaskins, 2001; Linden et al., 2008). Mucin 2 is an example of a secretory mucin, while
mucin 4 is a cell surface mucin, and both contribute to the mucus layer in the
gastrointestinal tract (Deplancke & Gaskins, 2001; Linden et al., 2008). A lack of
functioning mucin 2 has been demonstrated to contribute to inflammation (Heazlewood
et al., 2008). The gene expression of mucin 2 and mucin 4 was analyzed by RT-PCR
and the expression was significantly higher in mice treated with 1% IMD with LPS
compared to mice receiving LPS alone (Figure 4.5). This indicates that IMD may act in
an anti-inflammatory manner by improving the mucosal integrity and enhancing the GI
tract defence against pathogens. Surprisingly, this effect was not demonstrated with a
dosage of 2.5% IMD demonstrating that IMD is not working in a dose-dependent
manner in this case; therefore, this effect needs to be verified in future studies.
The TJ complex is essential for maintaining the selective permeability and
integrity of the paracellular pathway. The TJ consists of various proteins, including the
claudin family of transmembrane proteins, as well as the transmembrane proteins
occludin and JAM-A, and the plaque protein ZO-1, each of which has an important
function in the TJ (Ulluwishewa et al., 2011). Gene expression of the tight junction
proteins in the jejunum was measured by RT-PCR. There were no significant
differences between the treatment groups for expression of claudin 2, occludin, JAM-A,
or ZO-1 (data not shown), while the mice receiving water alone had significantly higher
expression of claudin 3 relative to mice receiving LPS treatment (Figure 4.5). There
were no significant differences in mean expression between the LPS group and the
groups receiving IMD in addition to LPS. This suggests that IMD is not effective at
modulating levels of expression of these TJ proteins. Conversely, expression of claudin
4 was significantly increased in the group of mice receiving 2.5% IMD and LPS relative
to the mice receiving LPS alone (Figure 4.5). Claudin 4 promotes the tightening of TJ
complexes and decreases paracellular permeability (Bücker et al., 2010). Treatment
with IMD could potentially improve intestinal permeability by increasing expression of
claudin 4.
The effect of IMD on intestinal permeability was investigated by giving the mice a
D-mannitol gavage two hours prior to death. D-mannitol is a small, indigestible molecule
that can be used to measure intestinal permeability. Surprisingly, plasma concentrations
of D-mannitol did not significantly differ between groups receiving IMD and LPS
treatment and the group receiving LPS alone, indicating that treatment with IMD did not
improve intestinal permeability. This is in contrast with the finding that treatment with
IMD increased expression of mucin 2, mucin 4, and claudin 4, as these genes would be
associated with decreased intestinal permeability. The improved bacterial composition
in the colon of mice treated with IMD also suggests that intestinal permeability should
be decreased. Therefore further research would be needed to verify the effect of IMD on
intestinal barrier function.
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Many of the findings of this investigation lacked a dose-dependent response,
often with lower doses having significant differences from the positive control group
when the higher dose did not. This may suggest that the optimal dosage is reached at a
lower concentration and that a wider range of lower concentrations should be
investigated to determine the most effective dose. When the feces were examined for
bacterial composition, it was found that treatment with 2.5% IMD yielded a similar
composition as 5% IMD, suggesting that 2.5% IMD was the optimal dosage (Zong,
2017). Occasionally the 1% IMD treatment provided greater improvement than the 2.5%
IMD treatment so the optimal dosage remains to be determined. Furthermore, a dosedependent response to treatment with IMD should be verified, such as by including a
wider range of lower dosages.
Finally, the effect of IMD on inflammation-induced metabolic disorders was
investigated. Body weight was recorded every other week after administration of LPS
began although there were no significant differences between any of the treatment
groups (Table 4.1). This indicates that LPS-induced low-grade chronic inflammation did
not cause an increase or decrease in body weight, suggesting that this level or period of
inflammation was insufficient to induce obesity. These results are in agreement with a
previous study in rats that also found IMD administration did not significantly change
body weight relative to rats fed a casein control diet, even when administered a higher
dosage of 16.7% IMD (Nishimura et al., 2016). The impact of IMD on the development
of insulin resistance was also examined. Adiponectin can act as an insulin sensitizer,
while proinflammatory cytokines such as TNF-α and IL-6 contribute to insulin resistance
(Bastard et al., 2006; Coelho et al., 2013; Dandona, 2004). Since treatment with IMD
was demonstrated in this study to promote the expression of adiponectin and reduce
the expression of TNF-α, it follows that IMD may also have an impact on insulin
resistance. For this reason a glucose tolerance test was performed prior to euthanasia
and plasma insulin concentrations were measured by ELISA. Hyperglycemia following
glucose gavage could indicate a lack of glucose uptake caused by insulin resistance.
Hyperinsulinemia, even without the presence of hyperglycemia, could be indicative of
insulin resistance, as additional insulin may be released as a compensatory action to
maintain normal blood glucose levels (Fernandez-Twinn et al., 2014). There were no
significant differences in either plasma insulin concentration (Figure 4.10) or in glucose
AUC (Figure 4.12) between any of the treatment groups, including between the group
receiving just water and the group receiving LPS only. This indicates that the low-grade
inflammation induced by LPS may have been insufficient to induce insulin resistance in
a mouse model, making it difficult to evaluate the effectiveness of IMD on preventing
insulin resistance. A previous clinical trial by Sadakiyo et al. in 30 healthy adult men and
women found that the postprandial change in blood glucose levels was significantly
decreased at 45 minutes after glucose loading when 5 g of IMD (2.5%) was added to
glucose load when compared to the substances on their own, but the difference did not
reach significance when 10 g (5%) of IMD was administered (Sadakiyo et al., 2017).
Administration of 9.6 g (4.8%) of IMD in a maltodextrin loading study also resulted in a
significantly decreased blood glucose level at 45 minutes relative to maltodextrin
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administration alone (Sadakiyo et al., 2017). This suggests that IMD may have some
impact on the glycemic response, although it was not demonstrated in the current study
so further research is required to verify this effect. Interestingly, the study by Sadakiyo
et al. also lacked a dose-dependent response, which could suggest that the optimal
dosage of IMD may be lower than 5% and a dosage of 2.5% IMD may be sufficient to
elicit a protective effect against postprandial glucose changes.

6 Conclusion
The first objective of this study was to determine if treatment with IMD could exert
an anti-inflammatory effect in a mouse model with LPS-induced low-grade chronic
inflammation. Administration of IMD exhibited an anti-inflammatory effect by lowering
plasma concentrations of the proinflammatory mediators TNF-α and MCP-1 and
increasing concentrations of adiponectin, an anti-inflammatory adipokine. This provides
support for the hypothesis that IMD can exert an anti-inflammatory effect. The second
objective was to determine the anti-inflammatory mechanism of IMD. Treatment with
IMD led to a decrease in plasma concentrations of endotoxin as well as decreasing
macrophage infiltration into white adipose tissue. This could be a potential mechanism
of action for IMD because increased levels of endotoxin and macrophage infiltration
both promote the expression of proinflammatory cytokines. Gene expression of mucin 2,
mucin 4, and claudin 4 were also increased by treatment with IMD, suggesting another
possible mechanism of action. Mucin 2 and mucin 4 are components of the mucus layer
of the GI tract, which is an important defense against pathogens. Claudin 4 is important
for increasing the integrity of TJ complexes and decreasing intestinal permeability,
suggesting that IMD may function by improving intestinal barrier function. This effect
would need to be verified in future studies since there was no evidence that intestinal
permeability was decreased, as indicated by the lack of statistically significant changes
in D-mannitol plasma concentrations. The final objective was to determine the impact of
IMD on metabolic disorders, such as insulin resistance. The inflammation induced by
LPS administration was insufficient to induce insulin resistance or obesity, making it
difficult to address this objective fully.
The current experiment lacked a dose-dependent response and the optimal
dosage has not yet been determined. The highest dose of IMD used was often less
effective than lower doses. Therefore, a wider range of IMD dosages needs to be
examined, especially at lowers levels, to determine what the most effective dose level
is. There were also some instances where there was no significant difference between
the negative and positive control groups so perhaps the dosage of LPS may need to be
increased in future studies to elicit the desired level of inflammation. Another limitation is
that local investigations into inflammation of the colon and small intestine tissues were
not performed, including examining levels of local cytokines, immune cells, and
inflammatory markers. These would need to be measured to determine if local
inflammation was induced along with systemic inflammation. Furthermore, the intent
was to induce chronic inflammation; however, a kinetic measurement of inflammatory
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biomarkers would need to be taken to determine if inflammation was induced
throughout this trial. Plasma samples from various time points would need to be taken
and proinflammatory mediators measured to verify this. Unfortunately, this was not
possible due to the limited volume of plasma available from a mouse model. The
measurement of additional proinflammatory and anti-inflammatory mediators would be
desired to determine what the overall balance of systemic inflammation was. Once
again, the limited supply of plasma did not allow for this analysis.
Future work could be performed to address several of these limitations. For
example, the anti-inflammatory mechanism of IMD could be further elucidated. For
example, phosphorylation of IκB and nuclear translocation of NF-κB could be evaluated
to determine if IMD has an impact on the NF-κB pathway. Furthermore, the impact of
IMD on inflammation-induced metabolic disorders remains to be investigated and could
be performed using a mouse model that induces metabolic disorders. A high-fat diet
mouse model could be used for this investigation. Finally, the anti-inflammatory effects
of IMD would need to be investigated using other models to verify if other species are
affected in a similar manner.
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